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Abstract
Ezrin, a member of the ERM (Ezrin/Radixin/Moesin) family of proteins, serves
as a crosslinker between plasma membrane and actin cytoskeleton. It provides
structural links to connect cell cortex and plasma membrane, acting as a signal
transducer in multiple pathways during migration, proliferation, and development.
Ezrin is also considered crucial during cancer metastasis, due to its altered ex-
pression levels and subcellular localization. Nevertheless, the mechanism how
Ezrin promotes cancer progression remains unclear. In this thesis, the primary
role of Ezrin phosphorylation in the relationship between cell motility, cell me-
chanical properties and cytoskeleton organization was investigated as follows:
Firstly, long-term live-cell imaging was used to evaluate the effect of Ezrin phos-
phorylation on cell migration. The key results showed that cells expressing active
Ezrin T567D migrated faster, with more protein accumulating at the cell rear.
Secondly, the changes of cell mechanical properties caused by Ezrin were ex-
plored by atomic force microscopy (AFM). It revealed that transfection of active
Ezrin T567D decreased cortical stiffness but increased cytoskeleton stiffness.
Thirdly, image quantification approaches were carried out to study the effect of
Ezrin on three cytoskeleton (actin filaments, microtubules and vimentin) as well as
nuclear mechanical properties. The results showed that Ezrin T567D transfection
led to thicker actin stress fibers and longer vimentin filaments.
In the end, a sandwich model was developed to study bleb based migration in
which Ezrin is also involved. Bleb based migration was observed by confining
cells between two pieces of polyacrylamide gels. This model showed potential for
the future investigation of Ezrin phosphorylation in bleb based migration.
Altogether, we have fundamentally revealed that dynamic regulation of phospho-
rylated Ezrin played a pivotal role in cell motility and cell mechanical properties by
altering the cytoskeleton’s microstructure. These findings are useful for a better
understanding of how Ezrin is biophysically involved in cancer progression.
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FIM Fluorescence Intensity Manager
FITC Fluorescein isothiocyanate
GAPs GTPase-activating proteins
GDIs GDP dissociation inhibitors
GEFs Guanine nucleotide exchange factors
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GFAP Glial fibrillary acidic protein
GTDs Globular tail domains
HCC Hepatocellular carcinoma cell
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HGF Hepatocyte growth factor
IL-8 interleukin 8
LB Luria Broth
MAPs Microtubule associated proteins
MEM Minimum Essential Media
MGF mechano-growth factor
MMPs matrix metalloproteinases
MSDs Mean squared displacements
MTOCs Microtubule organizing centers
NES nuclear export signal
NHE3 sodium–hydrogen exchanger 3
NLS nuclear localization signal
NMII non-muscle myosin II
NPFs Nucleation promoting factors
NTA-Ni nickel nitrilotriacetic acid
N-WASP Neuronal WASP
PBS Phosphate buffer solution
PCR Polymerase chain reaction
PDGF platelet derived growth factor
PDMS Polydimethylsiloxane
PDZ domain PSD-95/Drosophila discs large/ZO-1 domains
PFA Paraformaldehyde
PLA2 Phospholipases A2
PLEKHG6 pleckstrin homology domain containing family G with RhoGef do-
main member 6
PTB phosphotyrosine-binding
PTEN phosphatase and tensin homolog deleted on chromosome 10
RPMI 1640 Roswell Park Memorial Institute
SOS Son of sevenless
SSM solid-supported membrane
TEMED Tetramethylethylenediamine
TGF-β transforming growth factor β
TRITC tetramethyl rhodamin isothiocyanate
ULFs Unit-length filaments
VEGF vascular endothelial growth factor
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VEGFR1 vascular endothelial growth factor receptor 1
WASP Wiskott-Aldrich Syndrome protein
WAVEs Verprolin homologs
β-DG β-Dystroglycan
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Introduction
Ezrin, along with other two closely related proteins Radixin and Moesin, consti-
tutes the Ezrin-Radixin-Moesin (ERM) family. In its active state, Ezrin is able
to connect actin filaments to the plasma membrane through various membrane
proteins, such as CD44. Therefore, Ezrin is important in the regulation of cell
morphology and signalling pathways. Overexpression of Ezrin, and especially
phosphorylation at amino acid T567,has been reported to be involved in cancer
metastasis in recent years [1]. In addition, cancer cells with high metastasis abil-
ity were found to be much softer [2]. However, it remains unclear about the exact
role of Ezrin in regulation of the relationship between migration and stiffness.
This thesis therefore focuses on the effect of active Ezrin, which is phosphory-
lated at amino acid T567, on cell migration, cell mechanical properties and three
types of cytoskeleton structures. Ezrin has also been involved in bleb based
migration as an alternative mechanism when lamellipodium based migration is
inhibited. So, another goal of the study is to build a sandwich model aiming
to find out the role of Ezrin in bleb based migration. In order to achieve these
goals, a combination of long-term live-cell imaging, AFM and image quantifica-
tion approaches were utilized. Firstly, long-term live-cell imaging is a powerful
technique that can be used to directly visualize biological phenomena of single
cells over a long period time. A compact microscope has been placed into an
incubator where both CO2 and temperature are well maintained, and the cells are
also free of disturbance. Furthermore, high-throughput experimental data have
been obtained from multiple fields of view. Moreover, the dynamic behavior of
certain protein can be visualized directly through fluorescent cell labelling such
as transfection. Secondly, an image analysis pipeline, which was recently devel-
oped by our group, was applied for single cell quantification, which can generate
18 parameters including information about cell morphology, cytoskeleton features
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and nuclear properties. This useful information could provide explanation for the
changes in migration and mechanical properties. Thirdly, a new generation of
AFM, with the features of large scanning range, integration with epifluorescence
microscopes, well controlled temperature system and various choices of tips, has
been employed for mechanical properties analysis. It is superior to traditional cell
biological tools, which provides cell topography, stiffness and adhesion force.
Overall, the work in this thesis is divided into two main parts: the first part includ-
ing chapter 4-6 describes the role of Ezrin phosphorylation in cell migration, cell
mechanical properties and cell cytoskeleton, respectively. The results obtained in
these chapters constitute the basis of a submitted manuscript which which is now
published in the International Journal of Molecular Sciences [3]; Another part,
which is chapter 7, describes the development and construction of a sandwich
model to study bleb based migration in order to study the role of Ezrin and its
mutants in bleb based migration in the future.
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Literature Review
2.1 Introduction of Ezrin
The ERM (Ezrin, Radixin, Moesin) proteins are a family of widely distributed
cell membrane-actin filament crosslinking proteins involved in regulating biologi-
cal processes like cell migration, adhesion and development. The ERM proteins
are highly homologous revealing from sequencing analysis, which indicates that
the three proteins might arise from gene duplication through the whole evolution.
What’s more, the first 300 amino acids of ERM proteins share more than 70% sim-
ilarities [4] (Figure 2.1). Along with other proteins which also contain FERM (Four
point one, Ezrin, Radixin, Moesin) domains, ERM proteins belong to the band 4.1
superfamily, involving in connecting proteins to the plasma membrane [5]. Most
cell types express multiple ERM proteins and it is believed that ERM proteins
have at least partially overlapping functions [6]. Also it has been reported that
ERM proteins are expressed in a developmental and tissue-special manner, with
many epithelial cells expressing predominantly Ezrin, many endothelial cells ex-
pressing predominantly Moesin, and hepatocytes only expressing Radixin [7, 8].
Among the three proteins, Ezrin, is the best and the most widely studied member
of the ERM proteins. Especially more and more attentions are drawn on its link
to cancer.
Ezrin, a ∼80 kDa protein which is encoded by the vil2 (EZR) gene, was first pu-
rified from minor components of isolated chicken intestinal microvilli and charac-
terized as a cytoskeletal protein which was concentrated in actin-rich cell surface
structures, such as microvilli [9]. It was then shown as a substrate of the protein
tyrosine kinases concentrated at surface projections [10]. With the increasing in-
terest in studying Ezrin and the development of new research technologies, Ezrin
is now better understood, including its structure, the regulation of its activity, func-
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tion, as well as its relationship with cancer progression.
Figure 2.1: ERM proteins are highly conserved through evolution. Overall se-
quence identity to human Ezrin for human moesin, human radixin, Drosophila
melanogaster moesin and Caenorhabditis elegans ERM protein is indicated.
The FERM domain and the C-terminal domain share the highest conservation
throughout species, from the percentage of sequence identity. Image adapted
from Fiévet et al, BBA-Molecular Cell Research, 2007 [4].
2.1.1 The structure of Ezrin
Now the full-length structure of Ezrin protein has been revealed through the rapid
progress of structural studies. As shown in Figure 2.2A, Ezrin is composed of
three distinct domains: 1) a FERM domain, ∼ 300 amino acids, situates at the
N-terminus, sharing the most similarities with other members of the ERM family;
2) the C-terminal domain where the phosphorylation on T567 happens, ∼ 100
amino acids, has the ability to bind the FERM domain or actin filaments; 3) the
central α-helical domain, ∼ 200 amino acids, links the FERM domain and the C
terminal domain [11, 12, 13].
The X-ray structure analysis of the FERM domain from the three proteins are
quite similar with the FERM domain arranged like a clover leaf-like structure that
comprises three lobes (F1, F2 and F3) as shown in Figure 2.2B. The lobe F1 is
very similar to ubiquitin, lobe F2 adopting structure like acy1-CoA binding protein,
and lobe F3 folding into PTB (phosphotyrosine-binding) like structure [14]. The
FERM domain of activated Ezrin can bind to cell membrane directly via the cy-
toplasmic tails of membrane proteins, such as CD44 [15], CD43 [16] and ICAM2
(intracellular adhesion molecule2) [17], or indirectly via other scaffolding proteins
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which have PDZ (PSD-95/Drosophila discs large/ZO-1) domains, such as EBP50
(ERM-binding phosphoprotein 50) [18] and E3KARP. The sodium-hydrogen ex-
changer regulatory factors, EBP50 and E3KARP (NHE3 kinase A regulatory pro-
tein) are a family of adaptor proteins characterized by two tandem PDZ protein
interaction domains which have the ability to bind to multiple different membrane
proteins, and a C-terminal domain that can bind to the ERM family proteins [19].
In this way, Ezrin can work with and regulate more membrane proteins.
Figure 2.2: Domain structure of Ezrin. A. Domain organization of human ezrin:
FERM domain, the C-terminal domain and α-helical domain. Major phosphory-
lation sites: 145Y, 353Y, 477Y, and 567T; B. Ribbon structure of dormant human
Ezrin. F1 (dark blue), F2 (light blue) and F3 (green) are the three lobes of the
FERM domain. The central α-helical region (green) links the FERM domain to
the C-terminal domain (red). Image taken from Maniti et al, BBA-Biomembranes,
2012 [20].
Another important domain of Ezrin is the C-terminal domain, only 100 amino
acids, which involves in regulation of Ezrin activity, and binding to actin filament
and FERM domain. The phosphorylation state of amino acid threonine at 567
within the C-terminal domain is important in Ezrin activity. The last 34 residues of
Ezrin were identified as actin filament binding site, which correspond to the last
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three helices (αB, αC and αD) and are strongly conserved in the ERM proteins
[13]. While among the 34 residues, R579 was reported to be the main actin-
binding residue, which is also involved in the interaction with FERM domain [21].
While about 80 residues of 100 residue-C-terminal were found to bind tightly to
the FERM domain, by which the actin filament site was masked [11].
For a long time, the central α-helical domain was thought to simply link the
FERM domain and C-terminal domain until the full-length of insect Spodoptera
frugiperda Moesin was successfully crystallized [22]. There were three α-helices,
with the first α-helices folding back along lobe F1 and F2, the second helix in con-
tact with lobe F1 in a hydrophobic way and extending as an anti-parallel coiled-coil
with the third helix which lands on the back of lobe F1 and connects via a linker
region to the C-terminal domain (Figure 2.2B).
2.1.2 The regulation of Ezrin activity
The structure of Ezrin and ability to interact between FERM domain and C-
terminal domain determines the way how its activity is regulated. Instead of
regulation at DNA transcription level and mRNA translation level, Ezrin activity
is negatively regulated at protein level by intramolecular or extramolecular inter-
action between the FERM and C-terminal domains from the same molecule or
other molecule [11], forming a monomer or homo-dimer. In its inactive state, the
C-terminal domain adopts an extended structure, binding and covering a large
region of F2 and F3 domains on the FERM domain [14] (Figure 2.2B). Therefore,
the FERM-C terminal interaction masks both the cell membrane and actin fila-
ment binding sites, leading to a closed conformation. As a result, inactive Ezrin
stays in the cell cytoplasm, forming a pool waiting to be activated.
The activation of Ezrin has been proposed to follow a two-step mechanism.
The first step occurs when the FERM domain binds to phosphatidylinositol-4,5-
bisphosphate (PIP2) at the membrane and at the same time, Ezrin translocates
from cytoplasm to cell membrane [23]. FERM domain of Ezrin (amino acids
1–300) was necessary and sufficient for interaction with PIP2-containing lipo-
somes [24]. Amino acids that are involved in binding to PIP2-containing lipo-
somes have been identified. They are in two distinct regions of this domain.
Amino acids 12–115 and 233–310 of Ezrin were reported to be involved in bind-
ing to PIP2, both regions containing a KK(X)nK/RK motif conserved in the ERM
family [25]. PIP2 is an important regulator during Ezrin activation. It has been
reported that PIP2 was required in the association of Ezrin with the cytoplasmic
tail of membrane protein, CD44 in vitro and in vivo, which suggested that the
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binding of PIP2 with Ezrin leads to conformational changes, releasing the binding
sites for the membrane proteins [23]. An in vitro system demonstrated that Ezrin
bound via PIP2 to a solid-supported membrane (SSM) is capable of binding actin
filaments, while Ezrin bound via a His-tag to a lipid bilayer displaying nickel ni-
trilotriacetic acid (NTA-Ni) headgroups does not significantly interact with F-actin,
which may indicate that activation of ezrin can occur as a consequence of PIP2
binding and does not require additional cofactors [26].
The second step is that the threonine 567 within the C-terminal domain is phos-
phorylated by a number of kinases. Based on the first discovery that Moesin was
phosphorylated on threonine 558 during platelet activation [27], the threonine 567
of Ezrin was found to be related with protein activation by replacing the threonine
with aspartate [28]. Therefore the second regulator during Ezrin activation is ki-
nases. Several kinases have been reported to be involved in the phosphorylation
of the threonine 567. For example, Rho-kinase has the ability to phosphorylate
the C-terminal threonine of Ezrin, regulating the head-to-tail interaction [28]. And
protein kinase C (PKC) α has been shown to interact with Ezrin and phosphory-
late Ezrin at T567, promoting cell migration at the wound edge [29]. Also Akt2 can
phosphorylate the threonine 567 of Ezrin, triggering sodium–hydrogen exchanger
3 (NHE3) translocating to the membrane and activation [30]. Phosphorylation of
the threonine residue within the C-terminal domain of Ezrin is considered a hall-
mark of Ezrin activation which can stabilize the active open conformation of Ezrin
and prevent the interaction between FERM domain and C-terminal domain. This
activation results in linking between plasma membrane and actin cytoskeleton
through the FERM domain binding to plasma membrane proteins directly or scaf-
folding proteins indirectly and the C-terminal domain binding to the actin filament.
It is crucial for proper Ezrin activation that the binding of PIP2 and phosphoryla-
tion at threonine 567 act sequentially, as impairing one of these steps alters the
correct localization and functions of Ezrin in epithelial cells [31]. The replacement
of a threonine by an aspartic acid at 567 of Ezrin does not fully mimic a phospho-
rylated threonine, as for example, it lacks one of the negative charges at pH 7.4
[32], even though this mutation has been frequently used [33]. Also it has been
reported that wild type Ezrin and Ezrin T567D adopt a closed conformation in
solution, where F-actin binding site on C-terminal domain is not accessible. Only
after binding to PIP2-containing bilayers, Ezrin T567D was able to undergo a
remarkable conformational change, which attributing to an opening of the confor-
mation resulting in monomeric protein on the lipid bilayer [34]. All these suggest
that the process of Ezrin activation could not bypass the binding of PIP2.
Apart from phosphorylation at T567 of Ezrin for conformational activation, there
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Figure 2.3: The process of Ezrin activation. Ezrin exists in an inactive state by
its FERM domain associated with the C-terminal domain. Binding to PIP2 leads
Ezrin translocating to the plasma membrane, then phosphorylated by kinases
like Rho kinases. Activated Ezrin can participate in actin filament and membrane
linkage either by direct association with transmembrane proteins like CD43, CD44
and ICAM-1, or indirectly through scaffolding proteins like EBP50 to bind to trans-
membrane proteins like THE-3, CFTR. Image taken from Bretscher et al, Nat Rev
Mol Cell Biol, 2002 [35].
are other phosphorylation sites which are involved for signaling to downstream
events (Figure 2.2 A). Residues of Y145 and Y353 were detected as the sites
of phosphorylation after EGF treatment of A431 cells [36]. Y145F and Y353F,
the phosphodeficient mutant, have been further reported to perturb morphogenic
response to HGF [37]. Phosphorylation of Ezrin at Y353 has been reported to
be important in signal survival during epithelial cell differentiation via the phos-
phatidylinositol 3-kinase [38]. Lck was reported to phosphorylate Ezrin at Y145
in T cells [39]. Ezrin T477 can be phosphorylated in a Src-dependent manner
[40], which is important for HGF-induced cell scattering [41]. It has been further
reported that interaction of Fes kinase with phosphorylated Ezrin at Y477 pro-
motes HGF-induced scattering of epithelial cells [42]. Moreover, phosphorylation
of Y477 Ezrin has been reported to be required for growth and invasion of Src-
transformed fibroblasts in 3 dimensional (3D) matrix cultures. As well as invasion
and metastasis of breast cancer cells, AC2M2 [43]. These phosphorylation sites
may affect each other if one of them is mutated. For example, Y145 which lo-
cates in FERM domain, may be blocked by the constitutively interaction of FERM
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domain and C-terminal domain in Ezrin T567A mutant.
2.1.3 The function of Ezrin
Ezrin has the ability to regulate interactions between cell membrane and actin
cytoskeleton underneath. Regulated attachment of membrane proteins to actin
filament is essential for many fundamental processes, including cell morphology,
cell-cell adhesion, cell development and cell migration, as well as providing struc-
tural support to strengthen the cell cortex. At the same time, Ezrin participates
in regulating cell signal pathways, through formation of specialized membrane
domains which brings receptors and downstream signalling molecules together.
Ezrin functions as organizer of cell-cell adhesion and cell-matrix adhesion. Inter-
action with the cytoplasmic domains of adhesion membrane proteins can recruit
these proteins to a specific membrane domain and facilitate adhesion. The lo-
calization of Ezrin in adherent junctions is regulated by Rac in a manner involv-
ing PIPK. The F-actin binding capacity of Ezrin is also needed [44]. Ezrin reg-
ulates the adhesion junction assembly, controlling the localization of E-cadherin
in cells. Dysregulation of Ezrin expression in cells would result in poor mainte-
nance of adhesive junctions. As it has been reported that experimental inhibi-
tion of Ezrin expression using antisense oligonucleotides generated a phenotype
which formed loose cell-cell adhesions [45]. In addition, expression of T567 phos-
phorylated Ezrin decreased the connection, transferring the E-cadherin from the
plasma membrane to the intracellular compartments [46].
Ezrin can regulate cell migration in different ways. Polarization of the cell is re-
quired for the first step of migration. It has been reported that phosphorylated
Ezrin, activated by Mst4, was involved in the induction of brush border formation
downstream of polarization complex [47]. Migration speed control is another step
of Ezrin regulation. It is shown that PKCα enhanced cell migration at the wound
edge by phosphorylation of Ezrin at T567 and mutant Ezrin T567A impairs PKCα
mediated motility [29]. Ezrin promotes cell migration in response to hepatocyte
growth factor (HGF) treatment, measured by wound healing experiment of ep-
ithelial cell line, LLC-PK1 cells [48]. Apart from that, Ezrin takes part in regulation
of direction of migration. It has been reported that active Ezrin recruits Cdc42
and Rho-specific GEF Dbl to the lipid raft microdomains at the leading edge of
the membrane and facilitates directed migration [49]. Furthermore, Ezrin is an
important participant in bleb-based migration as asymmetries in the degree of
membrane cortex attachment resulting from the asymmetric distribution of Ezrin.
The site where Ezrin distribution level is reduced determines the initial place of
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bleb formation, which is the direction of cell migration [50].
Ezrin is also involved in signal transduction pathways by associating with sig-
nalling proteins. The best example is the relationship between Ezrin and Rho
family, which is complex. As Ezrin has the ability to act either as effectors of
Rho GTPases or as regulators of their activity, suggesting that there is a posi-
tive feedback loop between the two type of proteins. Rho family GTPases are
small GTP-binding proteins and, have a well-recognized role in the regulation of
migration by acting on the cytoskeleton. The most extensively investigated and
best characterized subfamilies are RhoA, Rac and Cdc42 subfamilies. Typically,
Rho family GTPases act as molecular switches cycling between inactive (GDP-
bound) and active (GTP-bound) forms. This cycling regulation is influenced by
the activity of guanine nucleotide exchange factors (GEFs), GTPase-activating
proteins (GAPs), and GDP dissociation inhibitors (GDIs) [51, 52, 53] (Figure 2.4).
GEFs activate the Rho GTPases by catalyzing the exchange of GDP to GTP.
While GAPs simulate the the intrinsic GTPases activity, leading to the inactiva-
tion. GDIs contributes to sequester Rho GTPases from the plasma membrane
and keep them in an inactive form.
On one hand, as described above, Ezrin activity is regulated by a combination
of PIP2 binding and phosphorylation at T567, both acting downstream of signals
mediated by Rho [55]. On the other hand, recent studies show that Ezrin also can
regulate Rho-pathway activity through direct interaction with proteins that regulate
Rho functions as shown in Figure 2.4. ERM family was reported to directly inter-
act with Rho GDI, promoting the activation of the Rho subfamily members by
reducing the Rho GDI activity [56]. Ezrin was found to be able to form complex
with Rho GDI under normal condition and phosphorylation of Ezrin at T235 was
found to induce the release of Rho GDI from the complex to inhibit Rac1 activity in
senescent cells [57]. Also it shows that Ezrin works like scaffolds associating with
both GDP-bound Ras and its GEF SOS (son of sevenless) to form a complex, to
enhance the catalytic activity of SOS and thereby Ras activation [58]. Ezrin re-
cruits PLEKHG6 to the apical pole of epithelial cells where PLEKHG6 (pleckstrin
homology domain containing family G with RhoGef domain member 6), induces
the formation of microvilli and membrane ruffles [59]. Active Ezrin associates
with Gem at the plasma membrane to organize actin cytoskeleton by regulating
the activity of Rho pathway [60]. All suggest that Ezrin regulates Rho activity in a
positive way.
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Figure 2.4: Interaction between Ezrin and Rho GTPases. In unstimulated cells
which doesn’t have enough activated protein to make cells react, Rho GTPases
remain inactive bound with RhoGDI in the cytoplasm. Dissociation from RhoGDI
activated Rho GTPases and Rho GTPases are targeted to the plasma membrane.
Membrane recruitment and interaction with RhoGEFs induces the exchange of
GDP for GTP on Rho GTPases, resulting in Rho GTPases activating the down-
stream effectors. RhoGAPs inactivate RhoGTPases by increasing their intrinsic
GTPase activity, accelerating hydrolysis of GTP to GDP. RhoGDIs are able to ex-
tract GDP-bound Rho GTPases from the membrane. Ezrin could interact with
GDI and GEF to regulate the activity of Rho GTPases. Image adapted from Hu-
veneers et al, J Cell Sci, 2009 [54].
2.1.4 Ezrin and cancer progression
Deregulation of cell-cell contacts and increasing cell migration are both important
steps during cancer metastasis, which make Ezrin crucial in cancer development.
Furthermore, an increasing number of evidences have suggested that Ezrin has
been involved in tumour progression, especially metastasis. Proteomic profiling
and immunohistochemical analyses have demonstrated that not only the level of
Ezrin expression, but also its activation state and its subcellular localization of
Ezrin are vital factors in tumour progression. A table of references describing the
role of Ezrin in cancer progression is shown in table 2.1.
Many studies have compared the expression level of Ezrin between cancer sam-
ples and healthy samples to figure out how Ezrin affects cancer progression.
High Ezrin expression is associated with large tumour size, early development
of metastasis, advanced clinical stage and lower overall survival rate in cancers,
such as pancreatic ductal adenocarcinomas [61], uterine cervical cancer [62], col-
orectal cancer [63], osteosarcoma [64]. Inhibition of Ezrin expression in cancer
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cells resulted in reduced proliferation ability and decreased migration and inva-
sion [65]. Altogether, it suggests that high Ezrin expression is closely related to
cancer progression.
Apart from changes in Ezrin expression level, it is found that changes in Ezrin
phosphorylation level at T567 also associate with cancer progression. Many
clinical studies have linked high expression of phosphorylated T567-Ezrin with
poor outcome in patients that suffer from a wide variety of cancers. T567 hy-
perphosphorylation of Ezrin was reported to be tightly correlated to an invasive
phenotype of clinical hepatocellular carcinomas and to poor outcomes in tumour
xenograft assays [66] (Figure 2.5). Phosphorylation of Ezrin at T567, regulated
by hormonal androgen through PKCα, was shown to induce Matrigel invasion of
prostate cancer cells [67]. In addition, it has been reported that the regulation of
Ezrin phosphorylation at T567 was a dynamic process during metastatic progres-
sion. Metastatic osteosarcoma cells expressed phosphorylated T567 Ezrin early
after their arrival in the lung. There was a loss of phosphorylated T567 Ezrin dur-
ing the metastatic lesion growing. Then re-expression of phosphorylated Ezrin
was found at the invasive front of larger metastatic lesions [68].
The distribution pattern of Ezrin inside cells is another factor that affects cell be-
haviours. As a cross-linker between actin filament and plasma membrane, the lo-
calization of Ezrin determines the position of proteins that it interacts with. Many
studies have found a relationship between Ezrin distribution and cancer progres-
sion. In some cancers, like breast carcinomas [69], lung cancer [65], the switch of
Ezrin localization from the apical membrane to the cytoplasm or to the membrane
in a non-polarized manner is correlated with significant lymph node metastasis
and adverse clinical features. Moreover, Ezrin was widely distributed in the cy-
toplasm and membrane, while some cancers showing a cell membrane staining
pattern like pancreatic ductal adenocarcinomas cells [61], some cancers show-
ing a polarized distribution concentrated at the protrusion site, like gastric cancer
cells [70]. Strong perinuclear staining of Ezrin has also been observed in cervical
cancer, with some showing cytoplasmic and diffuse localization [62]. However,
other studies showed contradictory results that cervical cancer patients with the
perinuclear Ezrin expression pattern had longer survival time than those with the
cytoplasmic Ezrin expression pattern [71].
Through modification of expression level, phosphorylation level and distribution
pattern, Ezrin is involved in cancer progression. Its downstream effector, E-
cadherin, is a major player in epithelial-mesenchymal transition (EMT). EMT is
an imperative process during cancer progress that allows a polarized epithelial
cell to undergo multiple biochemical changes acquiring mesenchymal, fibroblast-
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Figure 2.5: Phosphorylated Ezrin is involved in tumour progression, especially
metastasis. A. Confocal images of double immunofluorescence of P-T567 Ezrin
(green) versus Ezrin (red) in normal and hepatocellular carcinoma cells (HCC).
Image taken from Chen et al, Cancer research, 2011 [66]. P-T567 Ezrin is highly
expressed in metastatic HCC; B. Quantitation of P-T567 Ezrin levels in normal
liver and HCC tissues; C. Immunohistochemical and western blot analysis of the
GEO primary colon and liver metastatic tumors shows increased P-T567 Ezrin
staining in the liver metastasis. Image taken from Leiphrakpam et al, Cellular
signalling, 2014 [63].
like properties, showing reduced cell-cell adhesion and increased motility [72].
Ezrin, involved in organizing adherence junctions of cell-cell communications, is
able to deregulate E-cadherin function. Recent study showed that Ezrin acted co-
operatively with activated c-Src in deregulating cadherin-based cell-cell contacts,
scattering of SP1 cells and preventing cell aggregation [73]. Silencing of Ezrin
by small hairpin RNA showed reduced motility and invasion ability, increased
E-cadherin expression and decreased phosphorylated β-catenin, reversing the
metastatic behaviour of human breast cancer cells [74]. What’s more, recent ev-
idences suggest that Ezrin regulates cancer progression not only by controlling
the E-cadherin expression, but also controlling E-cadherin localization. Ezrin ex-
pression was negatively correlated with E-cadherin expression in breast cancer
with a high expression of Ezrin and a low expression of E-cadherin concentrated
in the plasma membrane [75].
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2.1.5 Summary
In summary, Ezrin, a member of ERM family, is a linker between cell membrane
and actin cortex, which is involved in regulating of cell morphology, migration and
development. The phosphorylation of the amino acid T567 locating at C-terminal
domain is crucial for Ezrin activation. In addition, Ezrin has been reported to
participate in cancer metastasis, through increased expression of Ezrin or phos-
phorylated Ezrin at T567, or Ezrin intracellular distribution.
2.2 Cell migration and cancer metastasis
Cell migration is a complex and highly coordinated process by which cells move
from one location to another. Cell motility plays a critical role in a variety of nor-
mal physiological events, such as morphogenesis, immune defense and repair,
as well as in many diseases like cancer invasion and metastasis. This section
includes the process and mechanics of two main types of single cell migrating
modes, lamellipodia based migration and bleb based migration, and the introduc-
tion of cancer metastasis.
2.2.1 Lamellipodia based migration
Cells migrating in lamellipodia based migration, also known as mesenchymal mi-
gration, typically adopt an elongated, spindle-like shape and exert traction on their
substrates via focal adhesions associated with actin rich protrusions, e.g. lamel-
lipodia or filopodia. Sheet-like membrane protrusions found at the leading edge,
are a hallmark of lamellipodia based mode of cell migration [134].
2.2.1.1 Cyclical process of lamellipodia based migration
Lamellipodia based migration can be thought of as a cyclical process, including
four steps as shown in Figure 2.6.
1. Protrusion formation: In response to the directional cue in the extracellu-
lar environment, cells polarize to form a defined cell front and a rear. The
leading edge is usually characterized by intense actin polymerization that
generates leading pseudopod protrusions. There are two forms of protru-
sions, lamellipodia and filopodia. Lamellipodia are thin projection contain-
ing densely packed branched actin filaments. Filopodia project from the cell
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surface as tiny micrometer-long finger-like structures composed of a bundle
of 10-30 parallel linear actin filaments. These two forms of protrusion are
thought to serve different roles: filopodia act as antennas to sense chemical
or mechanical cues as filopodia contain several types of receptors [135].
Whereas lamellipodia provide wide surfaces that generate traction for for-
ward movement.
2. Adhesion formation: New focal adhesion attaches the protrusion to the
substrate on which the cell is migrating. Cell adhesion serves as traction
points for migration mainly via integrin receptors. Integrins, transmembrane
proteins, are a major family of migrating-promoting receptors. These recep-
tors bind adhesion to different extracellular matrix ligands, and mediate the
linkage between the substratum and actin cytoskeleton. The shape, size
and functional role of the adhesions vary with their subcellular localization
and cell type. Smaller adhesion close to the leading edge tends to actively
promote actin filament assembly and disassembly rapidly. while larger and
stable adhesion near the cell rear anchors large actin filament bundles.
3. Cell body translocation: Contractile force is needed to move the cell body
forward. The force is generated by a coordinated contraction of the ac-
tomyosin cytoskeleton. Myosin II and microtubule motors are involved in
controlling translocation of the nucleus.
4. Cell rear retraction: Old adhesion at the cell rear disassembles as the
trailing edge retracts. The rates of protrusion formation and rear retraction
both contribute to the migration speed. Several mechanisms converge to
promote adhesion disassembly, including microtubule-dependent targeting
of dynamin, integrin endocytosis and actomyosin contraction ripping the ad-
hesion. Rear retraction requires the coordinated contraction of the actin
cytoskeleton.
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Figure 2.6: Schematic representation of the different steps in mesenchymal cell
migration on 2D substrates. The migration process includes extension of a lamel-
lipodium, formation of a new adhesion, translocation of the cell body, and de-
adhesion and retraction at the trailing edge. Image taken from Ladoux and Nico-
las, Rep Prog Phys, 2012 [136].
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2.2.1.2 Mechanics in lamellipodia based migration
To migrate, cells must exert forces on their substrate to propel the cell forward.
Classical models of cell migration is based on lamellipodia based migration on two
dimensional surfaces exhibited by fibroblasts, keratocytes and epithelial cells. At
the cell size scale, the weight of the cell is not sufficient to maintain surface con-
tact with the substrate. Therefore, cells on 2D substrate need matrix binding ad-
hesion receptors to help them anchor to the surface. Lamellipodia and filopodia at
the leading edge are stabilized by the focal adhesion complexes formed between
matrix binding adhesion receptors and ECM proteins. Stable attachment to the
ECM is crucial for lamellipodia based migration [137].
Lamellipodia drive cell motility by assembly of actin network below the leading
plasma membrane generating the pushing force required for protrusion formation.
As the tension of the plasma membrane opposes the free anterograde expansion
of the actin network, the filaments are pushed back into the cell body, which is vis-
ible as retrograde actin flow. Through integrin-mediated adhesion complexes that
couple the cytoskeleton to the substrate, these retrograde-directed forces, which
are enforced by actomyosin contraction, are translated into forward locomotion of
the cell body [138].
The actual displacement of cells occurs when the intracellular pulling forces from
the cytoskeleton are transmitted to the substrate through focal adhesion. Results
from traction force microscopy showed that forces transmitted by single focal ad-
hesion can be tens of nanonewtons [139]. Disassembly of the focal adhesion at
the cell rear allows the cell to detach from the substrate as myosin II bound to the
actin filaments contracts. Contractility of actomyosin is maintained by the small
GTPase Rho and its downstream effector ROCK.
2.2.2 Bleb and bleb based migration
Blebs are spherical cellular protrusions that occur at the cell surface, which have
been observed in many cell types like fibroblast, human melanoma and endothe-
lial cells [140]. Bleb based migration, also known as amoeboid migration, in
which protrusions of blebs contribute to the migratory behaviour, happens in dic-
tyostelium, zebrafish primordial germ cells [141] and cancer cells [142].
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2.2.2.1 Life cycle of bleb
Driven by hydrostatic pressure and cytoplasmic flow, plasma membrane forms
protrusions that appear like spherical expansions, which is bleb. Bleb expansion
occurs quickly, which last around 30 s, while the retraction occurs much more
slowly, taking about 2 min [143]. Almost all of our understanding of bleb formation
comes from non-migratory cells, although blebbing is related with cell migration.
Recent studies suggest that both migratory cells and non-migratory cells utilize
the same mechanisms during blebbing cycle, including bleb initiation, bleb expan-
sion, and bleb retraction as shown in Figure 2.7. The difference is the last step,
migratory cell moving forward as a result of contraction of the rear instead of bleb
retraction [144]. The following part will discuss what happens in bleb life cycle.
1. Bleb initiation (Figure 2.7 A): Under normal situation, the plasma mem-
brane and the cell cortex are bound tightly, which contributes to one type
of tether forces. The close association is maintained by interaction be-
tween membrane and actin filament, myosin and other related proteins like
ERM proteins [145]. Non-equilibration of hydrostatic pressure generated by
myosin contraction is exerted on the plasma membrane via cortical tension,
leading to actin cortex detaching from plasma membrane [146]. Accord-
ing to the actin cortex morphology, the process can be divided into local
decrease in membrane cortex attachment and local rupture of the cortex
[143]. Also bleb initiation can be induced artificially by affecting each fac-
tors, like local breakage of connection between cortex and membrane by
micropipette aspiration or local disruption of the actin cortex by laser abla-
tion [147].
2. Bleb expansion (Figure 2.7 B,C): During this process, the forward move-
ment of cell cytosol into the bleb occurs [94], through the bleb neck. Bleb
expansion driven by actomyosin contraction lasts about 5 to 30 seconds
following bleb initiation. The expansion of a bleb is thought to be a di-
rect mechanical consequence of intracellular pressure pushing against the
plasma membrane. There is a critical threshold of cortical tension for bleb
expansion, and below the threshold, bleb expansion cannot occur [147]. As
the lipid membrane can’t be stretched, the bleb volume is increased by the
tearing of plasma membrane from the actin cortex. Abundant cortical actin
remains at the site of membrane detachment, both in non-migratory cells
and migratory cells. The newly formed bleb is devoid of actin or other cy-
toskeletal structures. Bleb expansion eventually slows down as actomyosin
contraction cannot force sufficient cytosol into the bleb. The maximal bleb
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Figure 2.7: The bleb life cycle. The bleb life cycle can be divided into three
phases: bleb initiation, expansion and retraction. A. Bleb initiation can result
from a local detachment from the membrane (left) or a local rupture (right); B.
Hydrostatic pressure drives the cytosol into the bleb. C. New actin cortex reforms
under the bleb membrane by recruiting cytoskeleton elements; D. Recruitment of
myosin to the new cortex is followed by bleb retraction. Image taken from Charras
and Paluch, Nat Rev Mol Cell Biol, 2008 [144].
size is determined by the initial growth rate of the bleb and the time needed
for the cortex to repolymerize at the bleb membranes.
3. Bleb retraction (Figure 2.7D): As the expansion slows, bleb membrane
undergoes a transition from a lipid bilayer to the one linked with actin cortex.
Ezrin, is reported to be the first one to be recruited to the bleb membrane,
followed by actin, actin bundling proteins and finally proteins involved in the
retraction such as myosin II [148] (Figure 2.8). All the proteins recruited
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in the bleb form a continuous rim under the bleb. During the process of
repolymerization, actin cortex at the base of the bleb neck disassembles
due to rapid actin turnover and redistribution. As the bleb will become more
unstable with the size getting bigger, retraction powered by myosin happens,
which generally lasts 1 to 2 minutes. Myosin-driven contraction mediates
bleb retraction which also involves GTPase Rho and its effectors ROCK.
Activated ROCK by Rho directly phosphorylates myosin light chain and then
generates actomyosin contraction [149].
Figure 2.8: Recruitment of proteins into the bleb. A. Ezrin (green) is recruited to
the membrane (red) to form a continuous rim. B. Ezrin (green) appears before
actin (red) and forms a continuous rim external to the actin shell (red, inset). C.
Timing of arrival of the different actin-binding proteins in relationship to actin (t =
0 s). Image taken from Charras, J Cell Biol, 2006 [148].
2.2.2.2 Mechanics in bleb based migration
Research into lamellipodia based migration has led to new treatment strategies
for cell migration associated disorders, like blocking integrins in inflammatory dis-
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order or inhibition of protease in cancer [150]. However cells are able to adapt
to the change and switch into bleb based mode of migration [151]. It is because
in the body cells live confined in a 3D environment much more complex than 2D
environment. The behaviours of cells in the body are different from those on the
plastic or glass. So it happens that drugs showing good efficiency in the lab don’t
work when administered to patients. Bleb based migration, originated from the
first observation of the unicellular protozoa, Amoeba proteus [152], is character-
ized by constantly changing shapes by rapidly protruding and retracting exten-
sions. Recent studies suggest that bleb based migration is also commonly found
in multicellular organisms. Cells form round bleb-like protrusions and change
their shape rapidly which allows them to squeeze through pre-existing gaps with-
out adhesion and proteases in 3D environment.
Our understanding of bleb based migration in multicellular organism is based
on the migration of leukocytes, such as neutrophils, lymphocytes and dendritic
cells in 3D environment. Leukocyte trafficking is required for the arrival to the
destination quickly and independently. Leukocytes devoid of receptors have to
cross the tissue barriers like the endothelial layer of blood vessels, whose diam-
eter is smaller than the diameter of cell [153]. Therefore they can change their
shape to confine in the channel and anchor themselves mechanically without con-
nections and proteases. Bleb based migration utilizes mechanisms of repeated
adaptation of cell shape to overcome geometric obstacles. It has been reported
that bleb based cell migration occurs in a poorly adhesive mode and does not
have interactions between specific molecular and the ECM. However intracellular
forces can only deform the cell body, they can drive locomotion only if they are
transmitted to the environment [154]. Recent study suggested that cells perform
integrin independent ’chimneying’ migration between two closely adjacent glass
slides. ’Chimneying’ is used to describe the confined migration of pushing off the
surrounding surfaces for propulsion, because of its resemblance of a technique
used by alpinists to climb up rock clefts [155]. Recent studies show that actin
cortex flows drive the cell movement through nonspecific substrate friction, and
the magnitude of the propelling forces are several orders of magnitude lower than
that of lamellipodia based migration. The intracellular actin network expands,
rather than contracts, the substrate in the direction of motion [156]. Moreover, it
has been reported that the forces generated by cells on two surfaces increases
while the gaps between two surfaces decreases, predicting the enhancing the cell
membrane to actin cortex adhesion [157].
Bleb based migration is driven by the protrusive forces generated by actin poly-
merization and myosin contraction [158]. While other cytoskeletal elements play
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barely regulatory or supportive roles. Also different levels of actomyosin con-
traction in the front and the rear of the cell, which leads to hydrostatic pressure
gradients, generates cytoplasmic flow that protrude blebs at the leading edge.
Rho/ROCK signalling is very crucial for controlling these processes.
2.2.3 Cancer metastasis
There are two types of cancer cells: 1) benign tumours [159] which have the
features of slow growth, no spreading to other parts of the body and covered
by normal cells which separate them from the surrounding tissues by a capsule
of connective tissue [160] and 2) malignant tumours with fast growth which can
metastasize and form secondary tumours. Benign tumours can be cured by surgi-
cal resection and adjuvant therapy, while malignant tumours are largely incurable
because of the systemic nature and the resistance of disseminated tumour cells
to existing therapeutic agents. That is why metastasis is the leading cause of
cancer mortality, accounting more than 90 % of death [161]
2.2.3.1 Process of cancer metastasis
Metastasis occurs when cancer cells adapt to a tissue microenvironment that is
distant from the primary tumour due to genetically unstable, the process termed
metastatic cascade. The steps involved in the metastatic cascade can be sum-
marized as followings (Figure 2.9): (1) tumour angiogenesis and invasion of local
tissue, (2) intravasation into blood vessels, (3) survival in vasculature circulation,
(4) extravasation into the parenchyma of distant tissue, (5) initially survive in the
foreign microenvironment and outgrowth of secondary tumours.
a. Tumour angiogenesis and invasion of local tissue Angiogenesis, the for-
mation of new blood vessels from pre-existing vasculature, occurs during devel-
opment [163], wound healing [164], and pregnancy [165], as a series of controlled
physiological processes leading to neovascularization which supports changing
tissue requirements. This process is strictly regulated by a delicate balance
of proangiogenic and antiangiogenic factors. Loss control of this balance will
cause inappropriate angiogenesis, occurring in many diseases including diabetic
retinopathy [166], age-related macular degeneration [167] as well as cancer [168].
Angiogenesis is an important factor in the progression of cancer. Without the oxy-
gen and nutrient supply, tumours are unable to grow beyond 2 mm in diameter
[169, 170]. To get rid of hypoxia and nutrient deprivation situation, tumour cells
44
Chapter 2
Figure 2.9: The illustration of the steps in metastasis cascade. Primary cancer
cells exit initial sites (angiogenesis, local invasion, and intravasation), translocate
systemically (survival in the circulation, arrest at distant site and extravasation),
and survive in distant tissue (micrometastasis and colonization). Image taken
from De Ieso and Yool, Front Chem, 2018 [162].
can exploit their microenvironment by secreting cytokines and growth factors to
activate normal, quiescent cells around them and drive the vascular growth. Tu-
mour angiogenesis (Figure 2.10) is a four-step process. Firstly, hypoxia resulting
from the increasing distance between the growing tumour cells and the capillar-
ies can induce tumour cells secreting proangiogenic factors, such as vascular en-
dothelial growth factor (VEGF) [171], platelet derived growth factor (PDGF) [172]
and interleukin 8 (IL-8) [173]. These proangiogenic factors diffuse into the sur-
rounding tissues, leading to a concentration gradient which drives angiogenesis.
Secondly, proangiogenic factors like VEGF bind to the receptors on endothelial
cells nearby, components of the interior surface of blood vessels, activating pro-
teins that transmit signals into the endothelia cell nucleus. The nuclear signals
promote a group of gene expression to secret proteins needed for new endothe-
lial cell growth and proliferation. At the same time, tumour cells can produce
adhesion molecules including integrins, and proteases such as matrix metallo-
proteinases (MMPs), to adhere and degrade the ECM to migrate [174]. With the
aid of proteases, the extracellular matrix which fills the spaces between cells can
be degraded. Therefore, new endothelial cells migrate through degraded area to
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the chemoattractant gradient provided by tumour cells. Subsequently endothe-
lial cells organize into hollow tubes that evolve gradually into a mature network
of blood vessels with the help of an adhesion factor, such as integrinα [175].
Angiotensin-1,-2 and their receptor tie-2 which are required for newly formed
blood vessels stabilization and maturation [176]. Finally, tumour cells can get
oxygen and nutrients from newly formed vessels. Whereas perivascular cover-
age typically provides vascular stability and maturation, it does not lead to mature
vessels with proper function, as the vessels are exposed to persistent stimulatory
signals within the tumour microenvironment. They are often incompletely formed
with abnormal architecture characterized by increased fenestration and leakiness
[177]. Permeability of the vessel walls serves as an outlet for the cancer cells to
enter the systemic circulation [178].
Figure 2.10: Tumour angiogenesis. One of the most important properties of
cancer is their ability to generation blood vessels, promoting cancer growth and
metastasis. Image taken from Giordano et al, Gastroent Res Pract, 2014 [179].
Local invasion means the entry of cancer cells that have resided within a well-
confined primary tumour into the surrounding stroma and thereafter into the ad-
jacent normal tissue parenchyma. Epithelial tissues, representing the origins of
most solid tumours, are highly organized by lateral belts of cell-cell adhesion com-
plexes and are separated from the stroma by a basement membrane (BM). Dur-
ing the progression from a tumour to an invasive carcinoma, tumour cells have to
escape from the primary tumour mass first and then breach the basement mem-
brane. And one of the key events is epithelial-mesenchymal transition (EMT)
[180].
EMT is a process by which epithelial cells lose their polarity and cell-cell ad-
hesion, and gain migratory and invasive properties. Loss of cell-cell adhesion
permits disaggregation of tumour cells and it has been reported that cancer cells
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show diminished cell-cell adhesiveness compared to normal epithelial cells [180].
Cadherins are a family of cell surface glycoproteins that play a prominent role of
cell-cell adhesion [181]. E-cadherin, a type I classical cadherin, is a key com-
ponent in the formation of cell-cell adhesions type junctions in epithelial tissues.
Studies in variety of cancers show that E-cadherin plays an important role in
metastasis. In vitro, suppression of E-cadherin function or expression leads to
mesenchymal morphology and increased migration [182, 183]. And loss or down-
regulation of E-cadherin has also reported in vivo in many cancer types like breast
cancer [184], stomach [185], lung, kidney et al. What’s more, cadherin-catenin
complexes are also involved in intracellular signal transduction pathways. Catenin
released from the dissolved E-cadherin complex affects the activity of small GT-
Pases, the regulators of cell migration [186].
The loss of cell-cell adhesion promotes further events of invasion and migration
of tumour cells through the epithelial BM and surrounding ECM. BM, a special-
ized ECM with the thickness of about 50-100 nm, plays vital roles in organizing
epithelial tissues, including separating their epithelial and stromal compartments.
BM is a complex structure comprising mainly laminin, entactin, nidogen and type
IV collagen [187]. Invasion BM by tumour cells involves some participants like
integrin and proteases. Tumour cells initially bind to the BM and ECM via inter-
actions mainly between the integrin family and a variety of components, such as
collagen or laminin. Integrin also stabilize the interaction as well as maintain the
architecture of the structure. Altered expression of integrin is a common feature
of cancers [188]. Following attachment, cancer cells can traverse the BM and
ECM through secreting proteases like urokinase, cathepsins and MMPs, helping
them through the barriers [189]. In normal tissues, the activity of proteases is
tightly controlled at transcriptional and posttranslational level. However, in cancer
cells, control mechanism is lost. For example, MMPs are often overexpressed in
tumours, especially in the tumour stroma, which can remodel the ECM within the
tumour microenvironment and stimulate cell migration and angiogenesis [190].
b. Intravasation into vasculature circulation After invading through the ep-
ithelial BM, surrounding ECM and the stromal compartment, tumour cells come
into contact with tumour-associated microvasculature. Then tumour cells have
to cross the pericyte and endothelial cell barriers into blood or lymphatic ves-
sel, which is called intravasation. The process of intravasation is likely to be
strongly influenced by the structural features of tumour-associated blood vessel.
Compared to normal blood vessel, tumour-associated vessel is characterized by
defective architecture, weak cell-cell conjunction and continuous reconfiguration
[191]. High resolution electron microscopy showed that tumour cells adhere to the
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vascular endothelial cells and protrude membrane extensions through gaps in the
endothelial wall when endothelial cells retract. What’s more, tumour-associated
macrophages play a crucial role in intravasation. In xenograft and transgenic
breast cancer models, macrophages are shown to guide tumour cells to blood
vessels and sites of intravasation [192].
c. Survival in vasculature circulation Once tumour cells are in the blood
stream, their survival is threatened by several events such as shear forces gen-
erated by the flow of blood, immune response attack, and anoikis resulting from
loss of anchorage to substratum [193]. It has been reported that tumour cells
prevent themselves from immune destruction through interactions with platelets,
leukocytes and the vascular endothelium [194]. Another question is how long tu-
mour cells can circulate in the vasculature. Some studies suggest that they are
trapped in the first or second capillary bed that they encounter, given the large
diameters of tumour cells and the vessel diameter of capillaries [195]. While
other studies claim that a large fraction of cell injected into the vasculature gets
rapidly lost due to cell death. Therefore, only a small proportion of tumour cells
entering the vasculature will eventually form a full size metastasis. For a long
time, the blood system has been considered the main route of the metastatic
spread. However, there is increasing evidence that the lymphatic system might
play the same important role in cancer metastasis [196]. The lymphatic system
is a network of tubes and nodes in the body that filter body fluid and fights in-
fection. Compared with blood capillaries, the lymphatic capillaries only consist of
single layer of endothelial cells lacking tight cell-cell junction. Besides there is no
smooth muscle cells and basement membrane covered the capillaries. Therefore
macromolecules, even bacteria can easily enter the lymphatic. What’s more, the
slow flow of lymph has little stress to harm cancer cells. If cancer cells go into the
small lymph vessels near the primary tumour, they may end up in lymph nodes.
Most cancer cells may be destroyed before they can start growing but some may
survive and settle, finally grow to form second tumour in lymph nodes.
d. Extravastion into the parenchyma of distant tissue Extravasation is a vital
step in cancer metastasis, which involves arrest in the capillary and transmigra-
tion across the endothelial monolayer of the vessel. Circulating tumour cells reach
the capillaries of a similar diameter to the tumour cell and get physically restricted.
Then the tumour cells adhere to the endothelium by specific cell surface recep-
tors to form stable attachment. For example, integrin supports breast cancer cell
attachment under blood flow conditions in an activation-dependent manner [197].
After adhering to the endothelium, tumour cells have to traverse the wall of blood
vessel. However, compared with the neovasculature formed by primary tumour
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which is tortuous and leaky, microvessels in distant normal tissue are likely to be
highly functional and with low intrinsic permeability. In order to overcome physical
barriers, tumour cells are able to secret factors that induce vascular hyperperme-
ability and degrade the basement membrane. For example, the secreted protein
pleiotropically acting factors EREG, COX-2, MMP1 and MMP2 disrupt endothelia
cell-cell junctions for tumour cells transmigration [198].
e. Survival in the foreign microenvironment Once tumour cells reach the sec-
ondary site, they may be destroyed-most undergoing apoptosis within 24 hours,
may become dormant without proliferation, or may proliferate to form secondary
tumours. The new environment in the distant tissue, also called microenviron-
ment, usually differs greatly from that present in the site of primary tumour for-
mation, like the types of stromal cells, ECM constituents and even the microar-
chitecture of the tissue itself. It does not provide the same survival and growth
factors as the original tissue, which promotes tumour growth. Therefore, the vast
majority of tumour cells are not able to effectively metastasize in the new site.
Solitary tumour cells can be found in the bone marrow many years before the
development of overt metastasis [199]. However, most of these cells will fail to
convert into metastasis.
Recently, it is reported that distant tissue may be pre-conditioned to become fer-
tile ground for the tumour cell proliferation. Bone marrow-derived haematopoi-
etic progenitor cells that express vascular endothelial growth factor receptor 1
(VEGFR1) home to tumour-specific premetastatic sites and form cellular clusters
before the arrival of tumour [200]. What is more, cancers from different primary
sites show distinct and typical patterns of metastatic dissemination. For example,
breast cancer cells specifically metastasize to either lung, brain or bone. Through
these observation, Stephen Paget described the formulation of the seed and soil
hypothesis, which stated that metastatic spread was a choice of particular tumour
cells (seeds) to a suitable environment (soil), where the tumour can develop the
second metastasis [201]. Therefore, a secondary tumour can form only if the seed
can grow in the soil. There are some evidence to explain the hypothesis. First, the
endothelia of vessels in different tissues have different adhesion molecule expres-
sion, which suggest tumour cell-endothelia cell coherence is a specific event and
is a necessary step for the completion of the metastatic cascade. Only tumour
cells expressing the corresponding receptors can bind to the endothelium of the
vessel. For example, α3β1 integrins on circulating cancer cells bind to laminin-5
expressing blood vessels during metastasis to lungs [202]. Then, evidence from
a number of work suggested that specific organ microenvironments are indeed
intrinsically more or less suitable for the survival and growth of certain types of
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tumour cells.
2.2.3.2 Mechanics in cancer metastasis
Apart from the role of biological and biomedical signals in cancer metastasis, me-
chanical properties of cancer environment have been recognized as also being
functionally important during tumor progression (Figure 2.11). Cancer cells sense
the changes in their surroundings and transduce physical to biochemical signals,
which helps them to control the function, biochemical changes and gene expres-
sion [203]. For example, the high interstitial pressure, increased ECM stiffness,
as well as flow shear stress, all could contribute to cancer progress.
Figure 2.11: Interstitium in normal tissue versus tumor tissue. A. normal tissue
interstitium containing blood vessel, lymphatic vessel, hyaluronan, macrophages,
fibroblasts, proteoglycans, and collagen fibers; B. tumor tissue interstitium con-
taining leaky and tortuous tumor vasculature, lacking in lymphatic vessel, higher
amount of extravasated plasma proteins, macrophages, fibroblasts, proteogly-
cans, hyaluronans and collagen fibers, and proliferating tumor cells. Image taken
from Ariffin et al, Cancer Research, 2014 [204].
The growth of solid tumour requires existing vasculature as well as new formed
blood vessels inside the tumour which is leaky, highly irregular and tortuous [205].
Compression of these blood vessels by the increasing cell number generates high
microvascular pressure. In addition, the lack of functional lymphatic system limits
drainage of excess fluid and thus reduces fluid movement through the interstitum.
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Together, these factors, including abnormal tumor vasculature and lymphatic, and
proliferating tumor cells within a confined space lead to an increased interstitial
fluid pressure, reducing perfusion rates and creating hypoxia [206]. In turn, hy-
poxia induced is proposed to promote malignant progression by selecting for cells
that can survive in a harsh microenvironment, which enhances the invasive and
metastatic potential of cancer cells [207]. Also, hypoxia also promote cells to pro-
duce growth factors like VEGF and TGF-β (transforming growth factor β) that sup-
press the activity of macrophages and have the potential to convert macrophages
to protumorigenic (tumor-friendly) cells [205]. In addition to indirectly amplifying
tumorigenesis through hypoxia, high interstitial fluid pressure induces vessel clos-
ing that limits curative drug delivery. Because many drugs used for treatment of
patients with cancer, which are high-molecular-weight compounds in particular,
are transported from the circulatory system through the interstitial space by con-
vection rather than by diffusion [208].
What’s more, matrix rigidity, the most remarkable mechanical and physical fea-
ture of solid tumour, is suggested to directly influence tumor progression through
the mechanotransductive regulation of tumorigenic biochemical pathways [209].
The increased tissue stiffness is due to ECM remodeling, deposition, and cross-
linking [210]. This mechanical stiffness may break the balance of cellular surface
force, promote integrin clustering and focal adhesion formation which transmit
exogenous matrix force signals into cells, and ultimately affect their biological
phenotypes and characteristics such as cell morphology, cell growth, and differ-
entiation, as well as the synthesis and secretion of cytokines and metabolism
[211]. One of the process that matrix stiffness affects is EMT, modulating cell
migration through cytoskeleton remodeling [212], .
EMT frequently occurs in the initiation of tumor invasion and metastasis. Apart
from factors like ECM components and hypoxia, matrix stiffness is also involved
in inducing a transition of tumor cells from epithelial state to mesenchymal state
[213]. By comparing tumor and nontumor human epithelial cell lines, it has been
reported that an increase of the substrate stiffness mechanotransductively in-
creases adherent junctions with the substrate and favors the epithelial cell-ECM
interaction rather than cell-cell interactions, thereby physically triggering EMT
phenotypes [214]. Others reported that high matrix stiffness causes an activa-
tion of integrins which in turn leading to the phosphorylation of Twist at Tyr 107,
in mouse and human breast cancer cells [215]. Phosphorylated Twist is then
released and translocated into the nucleus where it can activate the transcrip-
tional events of EMT, causing invasion and metastasis. Increased matrix stiffness
has been reported to be associated with mesenchymal shift where cells develop
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prominent actin stress fibers and mature focal adhesions [216], or enhance TGF-
β1-induced Smad signaling in HCC cells [217]. Furthermore, it has been reported
that higher matrix stiffness acts as an initiator triggers EMT in HCC cells indepen-
dently converging on Snail expression [218]. This indicates that matrix stiffness
could potentially regulate EMT to facilitate tumor dissemination, or this mechani-
cal cues could induce the biochemical signals to regulate EMT.
Once tumour cells escape its primary tissue and arrives in the circulation, can-
cer cells are exposed to a new set of conditions in the vascular microenviron-
ment. In addition to immunological stress and blood cell collisions, they must be
able to withstand mechanical forces associated with fluid and shear [219]. Such
shear stresses and rates can affect cancer cells’ survival and thus the chances of
metastasis. For example, B16 melanoma cell exposure to fluid shear stress in a
cone-plate viscometer caused a significant loss of cell viability [220]. On the other
hand, fluid shear stress is an important component to induce cancer metastasis,
as it is critical for cancer cell adhesion to the endothelial cell wall and subse-
quent extravasation into tissues. Exposure to shear forces has been reported to
activate specific signaling pathways in tumor cells which is involved in the reor-
ganization of the cytoskeleton and adhesive machinery and ultimately facilitating
reinforcement of cell structure and attachment to the vascular wall [221]. Also
it has been reported that shear forces can enhance adhesion to collagen-based
ECM substrates in vitro through a process that involves activation of Src and
subsequent assembly of the actin cytoskeleton and formation of focal adhesions
[222]. Similarly, Haier et al showed that shear can enhance FAK phosphoryla-
tion in colon carcinoma cells, thereby strengthening adhesion to collagen-based
ECMs. Correspondingly, parallel in vivo studies demonstrated that overexpres-
sion of dominant-negative FAK significantly reduced the ability of tumor cells to
adhere to vasculature within the hepatic microcirculation [223].
The force journey of a tumour cell during metastasis involves not only its ability to
withstand these mechanical forces that arise from the growth of the tumour, tis-
sue homeostasis and transport in the vascular microenvironment, but also taking
advantages to promote the metastasis through mechanotransduction.
2.2.4 Summary
To conclude, two modes of single cell migration, lamellipodia based migration
and bleb based migration, and cancer metastasis were described in this section.
Many cells are able to switch between blebbing-driven and polymerization-driven
motility according to the environmental conditions or in response to genetic or
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pharmacological manipulation. This study focuses on the effect of Ezrin on lamel-
lipodia based migration. At the same time, a sandwich model is constructed to
study bleb based migration.
2.3 Cell cytoskeleton
The cytoskeleton is a complex structure that helps cells maintain their shape
and organizes the internal contents, and it also provides mechanical support that
enables cells to carry out essential functions like division and migration. More-
over, it connects the cell to the external environment physically and biochemically
through interacting proteins.
The cytoskeleton of eukaryotic cells is composed of three major types of filamen-
tous proteins as shown in Figure 2.12: actin filaments, microtubules, and interme-
diate filaments, which differ in size and protein composition. Actin filaments, the
smallest type, are thin, solid rods, with a diameter of only about 6 nm. They are
made of contractile protein actin and particularly prevalent in muscle cells. Micro-
tubules, the largest type of filament, are hollow rods with a diameter of about 25
nm. They are composed of a protein called tubulin. Intermediate filaments, as
their name suggests, are mid-sized, with a diameter of about 10 nm. They pro-
vide support for actin filaments and microtubules by holding them in place. Unlike
actin filaments and microtubules, intermediate filaments are constructed from a
variety of different subunit proteins.
These three types of cytoskeletal polymers with different structural and physical
properties, enable them with specific cellular functions. The cytoskeleton is not a
fixed structure that stays stationary all the time. Rather, it is a dynamic network
where the three major filaments are under the control of proteins that regulate
their nucleation and elongation, state of polymerization, and level of cross-linking.
Proteins of the myosin family migrate with vesicles along actin filament with spe-
cific directionality, whereas proteins of the kinesin/KRP and dynein families move
cargoes along microtubule tracks and play an important role in the formation and
function of the mitotic spindle. All forms of migration require ATP hydrolysis to
provide essential energy. The architecture and function of the networks between
the three main cytoskeletons can be distinguished by the size and protein com-
position, the dynamics of their assembly, the mechanical properties, and the type
of molecular motors they interact with.
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Figure 2.12: Three main components of the cytoskeleton. A. Microtubules; B.
Actin filaments; C. Intermediate filaments. They have distinct structural composi-
tions and exhibit slightly different interdependent functions. Adapted from MBInfo
(https://www.mechanobio.info/cytoskeleton-dynamics/what-is-the-cytoskeleton/).
2.3.1 Actin cytoskeleton
Actin is the most abundant protein, which is highly conserved, in most eukary-
otic cells. The eukaryotic actin cytoskeleton has an essential role in various cell
processes, ranging from cell motility, cell adhesion, vesicle trafficking, endocy-
tosis and exocytosis to the maintenance of cell shape and polarity. The main
component of the actin cytoskeleton is monomeric actin (G-actin) [224], a 43 kDa
ATPase which can self-assemble into actin filaments. Actin filament is asymmet-
ric with a fast growing barbed end and a slower growing pointed end [225]. Based
on the importance of its function, the precise regulation of the dynamics of poly-
merization and depolymerization, and the structure of actin cytoskeleton is crucial
for many developmental and physiological processes in multicellular organisms.
A large number of actin binding proteins (ABPs) have been identified to control
the transition between G-actin and actin filament in time and space. ABPs have
multiple roles, including actin filament nucleation, elongation, severing, capping,
and crosslinking, stabilizing and actin monomer sequestration [226].
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2.3.1.1 Actin filament assembly
Firstly, the spontaneous initiation of actin filament assembly requires the forma-
tion of a stable oligomer of actin monomers which is called nucleation [227] (Fig-
ure 2.13A). Nevertheless, because the formation of small oligomers of two to four
actin subunits is kinetically unfavorable. Moreover, actin monomers are controlled
by associating with actin-monomer-binding proteins such profilin, which suppress
spontaneous nucleation of new filaments. Therefore, spontaneous nucleation be-
comes the rate limiting step and needs the assistance of actin nucleating proteins
[228]. So far, three main families of actin nucleating proteins have been identi-
fied as shown in Figure 2.13, actin-related protein 2/3 (Arp2/3) complex and its
nucleation promoting factors (NPFs), formins, and tandem-monomer-binding nu-
cleators, each promoting actin nucleation by distinct mechanisms [229]. The first
two nucleators will be discussed in more details as follows.
The Arp2/3 complex is a stable complex of seven subunits consisting of two actin-
related proteins, Arp2 and Arp3, and subunits ARPC1 to ARPC5 [230]. Arp2/3
complex itself has very low nucleation activity [231], and its activation function
requires NPFs which can recruit one to three G-actin and promote a conforma-
tional change within the Arp2/3 complex [232]. NPFs are characterized by WCA
domains consisting of G-actin binding WH2 (W) domain and Arp2/3-binding cen-
tral/acidic (CA) sequences [227]. The best known NPFs includes Wiskott-Aldrich
Syndrome protein (WASP), neuronal WASP (N-WASP), and verprolin homologs
(WAVEs) [233]. Once activated, the actin monomer bound to the W domain, to-
gether with Arp2 and Arp3, are thought to form a trimetric seed to mimic an actin
dimer or trimer and to function as a template for the initiation of a new actin fila-
ment that extend from the sides of preexisting filaments at a 70◦ angle to form a Y
branched network [229] (Figure 2.13C). The free barbed end of the new filament
elongates until a capping protein terminates its growth.
The second class of actin nucleators, formins, which are conserved in most eu-
karyotes, promote the assembly of unbranched actin filaments [235]. Formins are
multi-domain proteins defined by strongly conserved FH1 domains and FH2 do-
mains. The FH2 dimer, which is necessary and sufficient for nucleation and elon-
gation, consists of two rod-shaped domains being connected in head-to-tail fash-
ion. These structural determination suggested that the FH2 dimer “stair-steps” to
mediate the sequential incorporation of actin monomers at the barbed end dur-
ing processive filament elongation [236] as shown in Figure 2.13B. Dimerization
of the FH2 domain is regarded as a nucleation as each FH2 domain binds an
actin monomer where the ring-like dimer helps stabilize a short-pitch actin dimer
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Figure 2.13: Mechanisms of actin polymerization by formins, the Arp2/3 com-
plex compared with spontaneous actin assembly. A. Spontaneous actin assem-
bly from actin monomers is shown for comparison. Actin dimers and trimers are
highly unstable species that rapidly dissociate; B. Formins stabilize actin polymer-
ization intermediates, like short-pitch dimers. The two halves of the formin FH2
dimer are green, connected by flexible linkers (black); C. The Arp2/3 complex,
associated with NFPs which is connected with monomer actin, mimic actin trimer
to polymerize. The two actin-like subunits of Arp2/3 complex (Arp2 and Arp3) are
pink. Image taken from Goode et al, Curr Opin Cell Biol, 2004 [234].
[236]. While FH1 domain is responsible for increasing the local concentration of
profilin-bound G-actin [237]. Then one side of the FH2 dimer could dissociate
and incorporate a third actin monomer while the other side remains bound with
the dimer actin. In contrast to Arp2/3 complex, formins remain associated with
the growing barbed end of actin filaments which allows the continuous addition
of G-actins and at the same time, protects it from other capping proteins which
stops growing by capping the barbed end [234].
2.3.1.2 Structure and function of actin cytoskeleton
In order to perform biological functions efficiently, individual actin filaments are
assembled into two different types of structures, actin bundles and actin networks,
and they play distinct roles in cell. In bundles, actin filaments are crosslinked into
closely packed parallel arrays; whereas in networks, actin filaments are loosely
crosslinked into orthogonal arrays that form three dimensional meshwork with
the properties of semisolid gels [238]. Within these structures, actin filaments
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function as force generating polymer motors, structural scaffolds and tracks for
motor proteins.
It is well known that cell migration is driven by the continuous reorganization and
turnover of the actin cytoskeleton. In order to migrate, cells must have two abili-
ties, the ability to push forward by polymerization of actin filaments and the ability
to retract by interacting with myosin. Actin polymerization generates most of the
driving forces for the membrane protrusion during cell migration. In normal condi-
tion, actin filaments are assembled at a steady state and turnover by the associa-
tion of actin monomers at the barbed end balanced by the dissociation of filament
subunits at the pointed end, a process called treadmilling [239]. In migrating cells,
treadmilling is accelerated by 2 orders of magnitude due to the activity of ABPs.
Many studies indicate that polarized filament barbed end growth, at specific sites
on the plasma membrane, generates the forces to form extension of sheet-like
and rod-like protrusions at the cell front, named respectively lamellipodia and
filopodia (Figure 2.14). Lamellipodia contain a network of short, branched actin
filaments, which is promoted by the Arp2/3 complex from the sides of preexist-
ing filament at the leading edge [240]. While filopodia contain long parallel actin
filaments arranged into tight bundles which is promoted by formins with needle-
like protrusions at the leading edge [241]. Another important structure that plays
important role in cell migration is actin stress fiber. Because actin filaments co-
operate with myosin to form contractile stress fibers at the cell rear that drive the
cell body moving forward.
Actin filaments can provide mechanical support to modulate cell shape and cell
stiffness. The use of disruptive pharmacological agents which dissolve the actin
filaments, like cytochalasin D and latrunculin A, resulted in a significant decrease
in cell stiffness [243]. There are two types of actin filament structures that are
pivotal in the determination of cell mechanical properties, stress fibers and actin
cortex, as shown in Figure 2.15A.
Stress fibers are composed of bundles of approximately 10-30 actin filaments,
which are crosslinked together by α-actinin [245]. The well-organized stress fibers
are much stiffer, which increases the whole cell mechanical properties. These
contractile actomyosin bundles are often anchored to focal adhesions, which con-
nect the extracellular matrix (ECM) to the actin cytoskeleton. Based on their mor-
phology and subcellular location, stress fibers can be divided into four different
categories: dorsal and ventral stress fibers, transverse arcs and the perinuclear
actin cap (Figure 2.15).
1. Ventral stress fibers: As the most commonly observed structures, ventral
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Figure 2.14: Cellular actin organization during cell migration. Schematic repre-
sentation of the three main actin structures found in migrating cells: 1. Lamel-
lipodium: dense, branched network involved in cell protrusion; 2. Filopodium: a
finger-like structure located at the leading edge of the motile cell composed of
aligned filaments; 3. Contractile structure: dynamic structure made of antiparallel
and/or mixed-polarity actin filaments associated with myosin. Zoomed regions
highlight the specific actin organization of the different cellular actin structures.
Image taken from Letort et al, F1000 Research, 2015 [242].
stress fibers represent the major contractile machinery. Ventral stress fibers
are contractile actomyosin bundles that lie along the base of the cell, attach-
ing to focal adhesions at both ends. Ventral stress fibers are often located at
the posterior parts of the cell, where they are responsible for tail retraction
and cell shape changes during cell migration. Furthermore, their location
determines where they can structure cell borders against inward pressure
of the membrane [246].
2. Dorsal stress fibers: Dorsal stress fibers anchor to focal adhesions at their
distal ends, which tethers them to the base of the cells. The rest of the
structures rise towards the dorsal surface, forming a loose matrix of actin
filaments. It has been reported that dorsal stress fibers don’t exhibit periodic
distribution of α-actinin and myosin [247]. Therefore, they may serve as a
platform for the assembly of other types of stress fibers, as well as to link
them to focal adhesions.
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Figure 2.15: Actin cortex and Stress fiber. A. Cellular distribution of actin cortex
and stress fiber. Actin cortex is at the cell perimeter under the plasma membrane,
while the stress fibers at the cell attachment interface. B. Schematic presentation
of the stress fiber network of motile mesenchymal cells. These cells can contain
at least four discrete categories of stress fibers; (i) dorsal stress fibers, which
are anchored to focal adhesions at their distal end, (ii) transverse arcs, which
are curved actomyosin bundles that flow towards the cell center and are typically
connected to focal adhesions through interactions with dorsal stress fibers; (iii)
ventral stress fibers, which are actomyosin bundles anchored to focal adhesions
at both ends, and (iv) perinuclear actin cap bundles, which resemble ventral stress
fibers but their central parts are located above the nucleus. Image taken from
Tojkander et al, J Cell Sci, 2012 [244].
3. Transverse arcs: Transverse arcs (TAs) appear as curved actin filament
bundles, which display a periodic α-actinin myosin pattern that is typical for
contractile actomyosin bundles. Unlike the ventral fibers, TAs do not interact
directly with focal adhesions [248].
4. The perinuclear actin cap: The perinuclear cap consists of stress fibers
positioning above the nucleus. The key function of the perinuclear actin cap
is to regulate the shape of the nucleus as well as to act as mechanotrans-
ducers to convey force from the cell environment to the nucleus [249].
Stress fibers have critical roles in regulating cell adhesion, migration and mechan-
otransdoction. Focal adhesions are complex structures that ensure the proper
communication between the cell and the ECM through the interaction of the trans-
membrane proteins, integrins, with their extracellular ligands during adhesion and
migration. As discussed above, focal adhesions are often connected to the actin
fibers and stress fiber tension or contractility can convert mechanical signals into
biochemical cues, and therefore have an important role in focal adhesion matura-
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tion and dynamics. In addition, the detachment of cell rear from the stiff substrate
requires the contractility of stress fibers to drive the cell move forward. Neverthe-
less, for cells growing in their native tissue environment or 3D systems, stress
fibers were reported to be less necessary [250]. Moreover, stress fibers are
involved in mechanosensing through focal adhesions, by sensing the mechani-
cal environment and converting the mechanical stimuli into biochemical signals.
Mechanosensing is therefore considered to be critical for cell differentiation and
cell fate determination.
Another structure of actin filament, actin cortex, approximately 50-200 nm thick,
is a thin, crosslinked actin network that lies under and is tethered to the plasma
membrane (Figure 2.15A). Most of the classical ABPs localize to the cell cortex,
including actin bundling and crosslinking proteins e.g. α-actinin and filamin, pro-
teins involved in contractility, e.g. myosins which generate contractile stresses in
the network, and linker proteins e.g. the ERM proteins. Cell shape is mainly de-
termined by cell cortex, which is defined by cellular mechanical properties and by
cell’s physical interactions with its environment. Mechanically, the cortical actin
mesh plays a role like the cell wall in bacteria or plant cells. It is the main de-
terminant of stiffness of the cell surface in the mechanical test, resisting external
mechanical stress and internal osmotic pressure. At the same time, the cell cor-
tex plays a critical role in cell shape changes which is important for cell survival
in a changing extracellular environment. The cell cortex undergoes dynamic re-
modeling on timescales of seconds by turnover of its protein components and
network reorganization through myosin-mediated contractions to allow the cell to
rapidly change shape, migrate or exert forces. Moreover, for cells growing in their
native tissue environment or 3D systems, actin cortex also participates in bleb
based migration, as blebs form at the locations of reduced attachment between
actin cortex and plasma membrane.
Apart from promoting cell mobility, providing support for the cell structure, and
transmitting force signals, actin filaments also act as a network of tracks existing
as single filament, branched networks or actin bundles where motor proteins can
move along to directly deliver vesicles or cargoes. This process is essential to
ensure an adequate concentration of required components at sites undergoing
rapid modulation. Specific members of the Myosin superfamily of motor proteins
are known to transport cargo along actin filaments, for example Myosin-V (Figure
2.16).
Myosin-V is composed of three domains (Figure 2.16A). The first domain is a
two-head motor located at the carboxyl terminus, which can bind to actin fila-
ments [251]. Myosin-V is able to walk on single filament by binding two heads
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simultaneously to two actin monomers, with a step size of 36 nm [252]. The sec-
ond domain contains an extended α-helical ’neck’, which connects the head and
the tail domain. The globular tail domains (GTDs) following the coiled-coil region
mediate the binding of different cargoes, such as RNA, vesicles, organelles and
mitochondria. Myosin-V is capable to move along actin filament without detach-
ing in a processive manner (Figure 2.16B). Processive movement means that
one molecule can undergo multiple productive catalytic cycles and associated
mechanical steps before it detaches from its track.
Figure 2.16: Actin filament motor protein, Myosin V. A. Domain structure of myosin
Va. The head domain or motor domain contains the nucleotide-binding and actin-
binding sites. The ‘neck’ domain consists of an α-helical segment of the heavy
chain. The tail domain consists of a coiled-coil forming domain with periodic
interruptions, which dimerizes the heavy chains, and two globular tail domains
(GTDs), which bind cargo. Image taken from Hammer and Sellers, Nat Rev Mol
Cell Bio, 2012 [251]; B. Model for the processive movement of myosin V along
actin filament. In waiting state, both heads bind to ADP. Then ADP from the trailing
head is first released. The head then binds to ATP and rapidly dissociates from
actin filaments. The attached head undergoes a power stroke, positioning the new
leading head to find a forward binding site via a thermally driven search. Upon
binding to actin, the leading head rapidly releases Pi and establishes a strong
binding conformation, which brings myosin V to the same state as in waiting state
but translated forward by 36 nm. Image taken from Mehta et al, Nature, 1999
[252].
2.3.2 Microtubule cytoskeleton
Microtubules are essential cytoskeletal polymers, existing in all eukaryotic cells.
They provide a skeletal framework that supports the cell body, establishes cell po-
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larity and provides tracks on which motor proteins transport vesicles throughout
the cell during interphase. While cells are in mitosis, microtubules get remod-
eled into the mitotic spindle on which the chromosomes are segregated into two
daughter cells.
2.3.2.1 Microtubule assembly
Microtubules contain two polypeptide subunits, α-tubulin and β-tubulin, which in-
teract with each other in a head-to-tail fashion to make long strands called protofil-
aments (Figure 2.17A left). 11-15 protofilaments, depending on the species and
cell types, interact with each other laterally to form a hollow, straw-shaped fila-
ments of microtubules [253, 254] (Figure 2.17A middle). Like the dynamics of
actin filaments, microtubules are changing all the time with reactions constantly
adding and subtracting tubulin dimers at both ends of the filaments. The β-tubulin
exposed end that grows faster is called the plus end, whereas the α-tubulin ex-
posed end which is more stable is known as the minus end (Figure 2.17A right).
In cells, the minus ends of microtubules are anchored in structures called mi-
crotubule organizing centers (MTOCs), which contain γ-tubulin and other protein
components [255]. The primary MTOC in a cell is called the centrosome, and it
is usually located adjacent to the nucleus. Microtubules tend to grow out from the
centrosome to extend towards the cell periphery as shown in Figure 2.19A.
Microtubules have the ability to control the polymerization and depolymerization
from their plus ends, which can switch between phases of growth and shortening,
a behavior termed dynamic instability [258]. A transition from a state of growth to
shrinkage is called ’catastrophe’, whereas a transition from a state of shrinkage
back to growth is termed as ’rescue’. Dynamic instability is fundamentally linked
to the binding and hydrolysis of GTP by tubulin subunits [259] (Figure 2.18B).
Both α-tubulin and β-tubulin have GTP binding sites, i.e. nonexchangeable N site
on α-tubulin and exchangeable E site on β-tubulin. After polymerization, GTP
binding with β-tubulin is hydrolyzed and becomes unchangeable. As a result, the
β-tubulin binding with GTP at the plus end of microtubules forms a cap. The cap
helps stabilize the microtubule structure and promotes its growth. When the GTP
within the cap is hydrolyzed, the microtubule rapidly depolymerized (catastrophe).
Whenever the depolymerizing microtubules bind to GTP bound β-tubulin again,
the microtubules switch from depolymerization to growth (rescue).
This dynamic instability enables the microtubule cytoskeleton to disassemble and
assemble into different arrangement rapidly. The plus ends can display phases of
rapid growth and shortening which enable the microtubules to explore the whole
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Figure 2.17: Microtubule assembly and dynamics. A. Stages in assembly of mi-
crotubules. Free α and β tubulin dimers associate longitudinally to form short
protofilaments. These protofilaments quickly associate laterally into more sta-
ble curved sheets. Eventually, a sheet wraps around into a microtubule with 13
protofilaments. The microtubule then grows by the addition of subunits to the ends
of protofilaments composing the microtubule wall. The free tubulin dimers have
GTP (red dot) bound to the exchangeable nucleotide-binding site on the β-tubulin
monomer. Image taken from Lodish et al, Molecular cell biology, 2013 [256];
B. Microtubule dynamics stability. The cycle of tubulin polymerization and depoly-
merization is powered by hydrolysis of the GTP bound to β-tubulin, which enables
microtubules to switch between catastrophes and rescues. GTP-bound tubulin
dimers are incorporated into growing microtubules. GTP hydrolysis occurs, with
a delay, after a GTP-tubulin dimer incorporates into the sheet-like structure of
growing microtubule tips. Growing microtubule ends thus maintain a stabilizing
GTP cap, the loss of which leads to a catastrophe and rapid depolymerization.
Image taken from Akhmanova and Steinmetz, Nat Rev Mol Cell Bio, 2015 [257].
cellular space from the nucleus [260]. Otherwise, the plus end can be stabi-
lized by their dynamics as reduced by interacting with different cellular structures.
While the minus ends are more stabilized, being concentrated in central regions
of the cell, where they attach the nucleation sites, such as the centrosome. The
significance of intracellular functions of microtubule polymerization dynamics de-
termines that all phases of microtubule growth dynamics are highly regulated by
a number of proteins [261]. Proteins that regulate microtubule dynamics fall into
two main classes: proteins that stabilize microtubules and those destabilize mi-
crotubules. The former class of proteins is exemplified by the classic microtubule-
associated proteins (MAPs), which are considered to bind along the length of the
microtubule polymer and enhance their stability.
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2.3.2.2 Function of microtubules
Microtubules are the stiffest of the three polymers and their hallmark behavior,
i.e. dynamic instability, is key to their cellular functions. Microtubules participate in
the regulation of intracellular transport, chromosome segregation, cellular internal
organization as well as cell motility.
There are three classes of molecular motors that can transport organelles and
cargoes inside cells, apart from myosins, dyneins and kinesins walking along
microtubules instead of actin filaments. Microtubules, much longer than actin fil-
aments, act as highways throughout the cell. The motor proteins kinesin and
dynein associate with cargoes and transport them along microtubules by taking
the energy form ATP hydrolysis. Kinesins move towards the microtubule plus-end
along only one protofilament with a step size of 8 nm [262, 263]. While dynein
moves towards the minus-end with variable sized steps [264] (Figure 2.18). Both
kinesins and dynein are capable of binding to most cargoes, and they work like
a team to transport in both directions. Robust control of intracellular transport
is required to maintain proper signalling and degradative pathways, and defects
result in developmental and neurodegenerative disease. Many studies revealed
that rather than simply acting as passive tracks, microtubules contain signals that
regulate the activities of kinesin and dynein to target cargoes to specific locations
in the cell [265]. These signals include the organization of the microtubule net-
work, post translational modifications that alter the microtubule surface properties
and mechanics, and microtubule associated proteins that modulate the motility of
motor proteins and microtubule polymerization.
Equally, microtubules are crucial for cell division. As accurate mitosis, where
genetic material is divided equally between two daughter cells, is essential to eu-
karyotic life. To achieve chromosome segregation, a self-assembled mitotic spin-
dle, which is a dynamic and highly complex structure comprising microtubules,
associates with motor proteins and non-motor proteins [266]. Mitotic spindle ex-
tends from two opposing MTOCs located in two poles of the cell, with the less
dynamic minus end anchoring at the MTOCs and the more dynamic plus end
pointing into the center of the cell (Figure 2.19B). A part of microtubules plus
ends attaches to kinetochore of sister chromatids, forming bundles of 20-40 mi-
crotubules called K fibers [267]. K fibers are responsible for maintenance of at-
tachment of chromosomes to the spindle and allow them to align and segregate.
The rest microtubules form astral microtubules [268], which help maintain the
position of the spindle through the interaction with cell cortex, and interpolar mi-
crotubules [269], which makes antiparallel overlaps in the center part of the spin-
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Figure 2.18: Microtubule motor proteins: kinesin and dynein. Kinesin and dynein
move in opposite directions along microtubules, toward the plus and minus ends,
respectively. Kinesin consists of two heavy chains, wound around each other
in a coiled-coil structure, and two light chains. The globular head domains of
the heavy chains bind microtubules and are the motor domains of the molecule.
Dynein consists of two or three heavy chains (two are shown here) in association
with multiple light and intermediate chains. The globular head domains of the
heavy chains are the motor domains. Image taken from Cooper and Hausman,
The cell, 2000 [238].
dle involved in pushing the spindle apart during mitosis (Figure 2.19C). During
anaphase, spindle plays a vital role in the migration of duplicated chromosomes
into two identical daughter cells.
The cellular regulation of microtubule dynamic instability helps throughout the
whole cell division process, for example, transforming from the interphase array
into a mitotic spindle. It has been reported that mitotic microtubules turn over 5
to 10 fold faster than interphase microtubules [271]. In addition, the pushing and
pulling forces generated by the assembly and disassembly of microtubules, to-
gether with motor proteins, contribute to the correct positioning of chromosomes,
mitotic spindles, and segregation of chromosomes [272].
Microtubules are key organizers of the cell interior. Because microtubule networks
grow out from the centrosome near the nucleus, radiating out to the plasma mem-
brane, providing the basic organization of the cytoplasm. Within this network, mi-
crotubules can move and position organelles by pushing, pulling or sliding. Push-
ing forces can be generated by microtubule polymerization towards the organelle
[273]; while pulling involves in microtubule depolymerization or motors and sliding
is powered by motor proteins between one microtubule and another microtubule.
It is essential for cell to organize the interior organelles efficiently in response to
the change of the extracellular environment.
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Figure 2.19: Organization of microtubule in interphase cell and mitotic cell. A.
Organization of microtubules in interphase cell; B. Organization of microtubules
in mitotic cells, in metaphase. Image taken from Cooper and Hausman, The cell,
2000 [238]; C. Mitotic spindle components: the basic components of the mitotic
spindle in somatic cells. Three different organizations of microtubules: K-fiber,
astral microtubule and interpolar microtubule. Image taken from Kline-Smith and
Walczak, Molecular cell, 2004 [270].
Another major function of microtubules is the control of polarized cell motility. In
order to support the asymmetry of cellular activities, asymmetric microtubule dis-
tribution and dynamics are needed. As actin filaments are the dominant regulator
of cell motility, i.e. the supporting roles of microtubules in cell migration include
the following three parts. The first part is that microtubules affect the formation
of actin filament containing leading edge protrusions by interacting with the small
Rho GTPase proteins, like Rac1, Cdc42, which is reported to be involved in regu-
lation of actin polymerization [274]. The second part is that microtubules facilitate
the turnover of focal adhesions. Microtubules, which grow directionally towards
focal adhesions, are able to promote the disassembly of focal adhesions [275].
For the third part, efficient cell migration requires microtubule-dependent trans-
port of membrane vesicles, post-Golgi carriers and other functional entities to the
leading cell edge [276]. Apart from those, recent studies show that cells failed
to retract their rear by partially suppressing microtubule dynamics and migrate
more randomly at normal speed in the absence of microtubules, which indicates
that microtubules can also restrain cell motility and control the migration direction
[277].
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2.3.3 Intermediate filaments
Intermediate filaments have a diameter of 10 nm, which is intermediate between
the diameters of actin filaments and microtubule. Unlike actin filaments and micro-
tubules, intermediate filaments are composed of a large family of cytoskeletal pro-
teins, whose expression is cell and tissue specific. The proteins, encoded by over
70 genes, are divided into 5 major types based on their structure, assembly prop-
erties, sequence homology and their developmentally regulated tissue-specific
expression patterns. The first four types (I-IV) are cytoplasmic, while type V ex-
ists in the nucleus. Types I and II are the acidic and neutral-basic keratins, which
assemble into heteropolymeric filaments, typically in epithelial cells. By contrast,
type III intermediate filaments, which are composed of vimentin, desmin, periph-
erin, and glial fibrillary acidic protein (GFAP), form homopolymer filaments. Type
IV intermediate filaments include the neurofilament triplet proteins (NF-L, NF-M
and NF-H), α-internexin, nestin and syncoilin, which are expressed in the ner-
vous system. The nucleoskeletal proteins, lamin A, lamin C, together with lamin
B1 and lamin B2, comprise the type V intermediate filaments [278].
2.3.3.1 Intermediate filament assembly
All intermediate filament proteins share a common secondary structure: a tripar-
tite organization, which consists of a structurally conserved central α-helical rod
domain flunked by distal head and tail regions at the N- and C-terminus (Figure
2.20A). The central rod domain contains three coil domains that are separated by
linker domains. The rod domains of two intermediate filament polypeptide chains
align in parallel to form coiled-coil dimers, which are stabilized by a hydrophobic
left-hand stripe [279]. Two dimers associate laterally in an anti-parallel and ap-
proximately half-staggered fashion to form tetramers [280] (Figure 2.20A). The
variability observed among the N-terminus and C-terminus, unique in length and
amino acid sequences, leads to striking differences in assembly pathway, dynam-
ics and speed, persistence length, and structure formation, representing different
characters of each intermediate filaments for tissue and cell type specific [281].
Unlike the assembly of actin filaments and microtubules by monomer or dimer
adding at one end, intermediate filaments are formed by end-to-end fusion of unit-
length filaments (ULFs) [282]. There are three steps involved in the intermediate
filament assembly. Firstly, typical eight of tetramers rapidly associate laterally to
assemble into unit-length filaments (Figure 2.20B), which are approximately 16
nm in diameter and 60 nm in length. It is a fast process that the formation of
ULFs only happens within seconds. ULF2 are precursors of the formation of long
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intermediate filaments. This is followed by the ULFs annealing end-to-end to yield
loosely packed filaments, i.e. the elongation step forming filaments containing two
or more ULFs. Finally, at certain length, the growing filaments start to compact to
reduce their diameter and to reorganize the structure, yielding mature intermedi-
ate filaments with diameter of about 11 nm [282] (Figure 2.20 C). While in living
cells, intermediate filaments exist in filamentous form or as detergent soluble fil-
ament precursors of various short filamentous, such as tetramers, ULFs, particle
and squiggles. Unlike actin filaments and microtubules, intermediate filaments
are not polarized, which implies that they do not act as tracks for the movement
of molecular motors.
Figure 2.20: Assembly of intermediate filaments. Schematic representation
of the three-phase assembly model for cytoplasmic intermediate filaments: A.
Tetramers lateral associate to form unit-length filaments (ULFs); B. Intermediate
filaments elongate by end-to-end annealing to form loose filament with diameter
of 17 nm; C. Last, the filaments are radially compacted to form mature interme-
diate filaments with diameter of 11 nm. Image taken from Herrmann and Aebi,
CSH Perspect Biol, 2016 [278].
2.3.3.2 Function of intermediate filaments
Intermediate filaments are major building materials for cellular architecture and
involved in the maintenance of the integrity and mechanical properties of the cy-
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toplasm, organelle anchorage distribution and stability of the other cytoskeleton.
Intermediate filaments are capable to form extensive networks within the cyto-
plasm. These networks point to all directions to form a central cage-like structure
that encapsulates the nucleus and further radiates toward the cell periphery. The
presence of the extensive and well-organized structure in all areas of the cy-
toplasm offers an obvious advantage for intermediate filaments to support the
whole cell shape and integrity, and at the same time, coordinate activities of other
cytoskeleton. What’s more, the type V intermediate filaments, like lamins, provide
structural support for the nuclear membrane, helping space out the nuclear pore
complexes and organize genetic materials [283].
Cells are facing mechanical strain all the time throughout the whole development.
Intermediate filaments have unique features that not only distinguish them from
the other cytoskeleton polymers, e.g. actin filaments and microtubules, but also
make them major contributors in providing mechanical resistance to the cells.
The length of intermediate filaments is much shorter and more various than
that of actin filaments and microtubules. Cross-sectional diameter, i.e. the ba-
sic structure and various length, provides intermediate filaments with superior
elasticity and much better flexible and extensible properties, which makes them
main factors in regulating the mechanical properties of cells [284] (Figure 2.21).
Furthermore, intermediate filaments exhibit strain-induced strengthening without
catastrophic failure, which makes them very suitable as intracellular load bear-
ing springs [285]. In conclusion, intermediate filaments contribute to both cells’
elasticity and tensile strength [284].
Although the three cytoskeletons are often considered as three separate net-
works, these filamentous arrays cooperatively interact with each other in many
ways [286] (Figure 2.22). Intermediate filaments can be crosslinked to each
other, as well as to actin filaments and microtubules physically by proteins called
plectins [287]. Even some intermediate filament structures may be organized
mainly through interactions with microtubules or actin filaments. Microtubules are
responsible for intermediate filament subunit exchange and turnover. There are
many studies on microtubule-based intermediate filament motility showing that in-
termediate filament movements are bidirectional, with around 65-70% towards the
cell periphery via candidate motor protein, kinesin [288], around 30-35% moving
towards the cell center via the regulation of microtubule motor, dynein [289]. Actin
filaments is also involved in the interaction with intermediate filaments. For exam-
ple, keratin bundles are closely associated with actin stress fiber. The disruption
of stress fiber with drugs also resulted in the disruption of the organization of ker-
atin intermediate filament networks [290]. Actin filament motor protein, myosin
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Figure 2.21: Contribution of the cytoskeleton to the mechanical properties of cells.
The polarity, turnover dynamics and persistence length (Lp) of intermediated fila-
ments (A) , actin filaments (B) and microtubules (C) are different; D. Cytoskeletal
networks display a wide range of elastic moduli at small deformations, spanning
about five orders of magnitude, depending on their concentration and on the ex-
tent of cross-linking. A particularity of intermediate filament network is their non-
linear response to large strain. Microtubules promote strain-stiffening of actin
networks by suppressing inhomogeneous actin filaments deformations; E. Actin
filaments and intermediate filaments networks provide an elastic background net-
work that reinforces microtubules against compressive forces, increasing the crit-
ical buckling force fc. All scale bars shown are 5 mm. Image taken from Huber et
al, Curr Opin Cell Biol, 2015 [286].
Va, is reported in the regulation of the distribution of intermediate filaments in
neurons [291].
2.3.3.3 Brief introduction of vimentin
Among the large protein family of intermediate filaments, vimentin is one of the
most familiar members, which is a fine mesh network loosely arranged in a paral-
lel or crisscross fashion. Vimentin, a highly conserved 57 kD protein, is typically
expressed in cells of mesenchymal origin, like fibroblasts, endothelial cells and
leukocytes [292].
Except serving a stabilizing role as intracellular scaffold, vimentin network also
plays a critical role in regulation the distribution and organization of organelles
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Figure 2.22: Cross talk between three cytoskeletons. Multiple physical interac-
tions exist within and in between the three cytoskeletal subsystems: intermediate
filaments (IFs), microtubules (MTs) and actin filaments (AFs). In the center, the
subsystems interact via steric effects: intermediate filaments and microtubules
interact mainly in the cell interior; microtubules and actin filaments interact mainly
in the cell periphery; intermediate filaments and actin filaments interact mainly at
the periphery of the intermediate filament network. Crosstalk between actin fila-
ments and intermediate filaments, microtubules and intermediate, are facilitated
by cross-linkers and motors and by direct binding in certain cases. Crosstalk be-
tween actin filaments and microtubules is mediated by numerous cross-linkers as
well as actin filament-based and microtubule-based motors. Image taken from
Huber et al, Curr Opin Cell Biol, 2015 [286]
within the cytoplasm, cell migration and adhesion, and cell signalling. By sta-
bilizing the positions of organelles, vimentin network determines the intracellu-
lar mechanical properties, such as cell cytoplasm stiffness. By preventing the
organelles displacement by random fluctuating cytoplasmic forces, vimentin is
responsible for cell cytoplasm stiffness [293]. On the other hand, vimentin net-
work regulates the organelles distribution, such as mitochondria and Golgi. It
has been reported that the motility, distribution and anchorage of mitochondria
is modulated by interactions with vimentin [294]. Vimentin is involved in associ-
ating with the residents of Golgi proteins to position the Golgi apparatus [295].
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Also, vimentin around the nucleus has an influence on position and modulate the
movement of nucleus [296], by interacting with nucleus cytoskeleton proteins, with
major component of the type V intermediate filaments. What’s more, cell migra-
tion and adhesion require the function of vimentin. Primary fibroblast derived from
vimentin-deficient mouse embryos displayed reduced motility and directional mi-
gration, and impaired spatial organization of focal contact proteins [293]. Finally,
vimentin network interacts with signalling proteins, such as Phospholipases A2
(PLA2) and 14-3-3 protiens [297].
2.3.4 Summary
To conclude, the cytoskeleton, including actin filaments, intermediate filaments
and microtubules, works together to maintain cell shape and internal organization,
as well as provide mechanical support cellular essential functions. Even though
the sizes, structures, the way of assembly are different, changes in one particular
cytoskeletal network would appear alongside changes in other networks. What’s
more, changes of cytoskeleton are the reasons for other cellular changes, like
migration, and mechanical properties.
2.4 Cell mechanical properties
The study of cell mechanics has attracted blooming interest from the cell biol-
ogy and biomedical communities in the last decade. The mechanical properties
of cells, such as stiffness and viscosity have been extensively studied, provid-
ing more insight into the biological characteristics of cells. Recent studies have
revealed that changes in cell mechanics are hallmarks of many diseases. Espe-
cially, the property of cell stiffness, has been well studied in recent years, with a
focus on its correlation with cancers. Cancer cells with different degrees of malig-
nancy exhibit different stiffness, different states of cytoskeletal tension and orga-
nization, as well as other mechanical alterations. The comparison of mechanical
properties of cancer cells with normal cells could provide a better understanding
of the physical nature of cancer and an alternative way in cancer diagnosis. It
has been reported that cancerous (MCF-7) human breast epithelial cells has ap-
parently lower stiffness compared with its benign (MCF-10A) cells. In addition, a
reduction in the presence of well-organized actin stress fibers, a key constituent
of the cytoskeleton system which greatly determines mechanical cell elasticity,
is observed in these breast cells [298]. Similar results have also been reported
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in ovarian cancer cells [299, 300], thyroid cancer cells [301]. To conclude, there
is an increasing demand for such in-depth research to further investigate on the
correlation between cell mechanical properties and disease, which will make a
great impact to human health. The following part will introduce cell mechanical
properties and techniques used to measure cell mechanical properties.
2.4.1 Introduction of cell mechanical properties
Cells are continuously subjected to mechanical forces from the surrounding en-
vironment, including shear, compressive and extensional forces. Crowded with a
range of proteins, subcellular structures, organelles, as well as cytoskeleton net-
work, cells are able to detect mechanical stimulation in the environment by the
activation of mechanosensitive signaling pathways and respond to physical cues.
The ability of cells to deform and actively respond to mechanical forces is critical
for cellular function maintenance, such as shape, motility, differentiation, division
and adhesion to surrounding environment.
The ability of cells in response to applied forces depends on the composition and
organization of subcellular structures, like the cytoskeleton, cell membrane and
nuclear, to act as a whole (Figure 2.23). As the most important cellular component
for mechanical behavior, cytoskeleton includes (1) actin filaments, (2) intermedi-
ate filaments and (3) microtubules. (1) Actin filaments withstand tension in the cell
and provide overall resistance to deformation from external stimuli. (2) Interme-
diate filaments are responsible for forming a network in the cytoplasm, extending
from cell nuclear to cell membrane, as well as other cytoskeleton. (3) Micro-
tubules resist compression, as opposed to actin filaments and intermediate fila-
ments [302]. Through reorganizing the cytoskeleton by controlling polymerization
and depolymerization of the filaments, cross-linking between single cytoskeleton
or different cytoskeleton, cells are able to adapt to the changing environment.
The cell membrane is an integral contributor to cell mechanical behavior, through
connecting to the underlying cytoskeleton. Even though cell membrane alone has
weak mechanical properties [303], it is connected to the rest of the intracellular
environment transmitting external forces to the intracellular tensile. Through nu-
cleocytoskeletal proteins, such as lamin A, B1, B2 and C, nucleus is connected
to the cytoskeleton and able to influence both local and whole cell mechanical
properties.
Like all complex materials, cells are viscoelastic materials, as they are able to
maintain their shape under mechanical stresses like solids, and at the same time
exhibit time-dependent responses to deformation. Depending on the time scale,
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Figure 2.23: Schematic of intracellular components contributing to cellular me-
chanical properties. Cell cytoskeleton including actin filaments, intermediate fila-
ments, and microtubules, cell membrane and nucleus are main contributors to cell
mechanical properties. Image taken from Darling and Carlo, Annu Rev Biomed
Eng, 2015 [302].
the elastic or viscous-like behaviour dominate the response of viscoelastic materi-
als. Simple mechanical terms elasticity and viscosity can be used as comparative
quantities in cell mechanics. Elasticity, the most commonly assessed mechanical
properties of cells, requires the deformation resulting from a force. This provides
the structural stiffness that can be used for estimation of the elastic modulus. An-
other parameter, the apparent viscosity, describes how cell deforms over time,
revealing the mechanical deformability of cells. The mechanical properties of
cells are studied using different techniques each with a different method to apply
a mechanical deformation and measure the corresponding force.
2.4.2 Techniques to measure cell mechanical properties
Cells are soft biological materials with an elastic modulus that varies from a few
hundred pascals to tens of kilo-pascals, together with a small size in the order of
tens of microns. As a result, the mechanical measurement requires the capabil-
ity of monitoring deformations and forces in the range of micro to nano meters
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and nano to pico newtons respectively. With the rapid development of precision
instrument, various testing methods have been developed to quantify the me-
chanical properties of living cells. Till now, there are a wide array of experimental
techniques that are able to study the mechanical behavior of cells, including cell
poker, compression, optical tweezers, magnetic technique, micropipette aspira-
tion, atomic force microscope and particle tracking microrheology. Generally, to
chose the right experimental techniques is determined by two factors, (1) the size
or type of biological structure that is being investigated, and (2) what specific
information that is desired regarding that structure and must be identified.
2.4.2.1 Atomic force microscopy
AFM, also known as scanning force microscope (SFM), is part of a large family
of instruments termed as scanning probe microscopes (SPMs). The invention
of the AFM by Binning, Quate and Gerber in 1986 created new hope for biolog-
ical studies [304]. Originally, AFM systems were developed to characterize the
atomic and surface properties of materials for electronic devices. As a high res-
olution surface characterization technique, now AFM is widely used for imaging
and measurement of cell mechanical properties [305]. In order to investigate the
complexity of biological systems, such as liquid condition and certain tempera-
ture, various technological developments have been made to meet these require-
ments. AFM has now become a powerful, multi-functional imaging platform that
allows biological samples, from single molecules to living cells, to be visualized
and manipulated [306].
AFM consists of four major parts as shown in Figure 2.24A, including a laser
diode, a photo-detector, which works as a scanner, a cantilever with a tip mounted
underneath it, and a piezo-scanner that drives the cantilever in x, y and z direc-
tions. Cantilevers are commonly made in V-shaped or rectangular shaped. The
tips are most commonly in the form of a squared-based pyramid or a cylindrical
cone. The most common materials used for AFM cantilever and tip are silicon
and silicon nitride (Figure 2.24B), with a wide variety of cantilevers ranging from
100-200 µmm in length, 10-40 µm in width and 0.3-2 µm in thickness [309].
A sharp tip probes the surface features by raster scanning, which means that the
tip is scanning back and forth along a series of parallel lines. During AFM scan-
ning, the cantilever probes the surface by sensing the force between AFM tip and
sample surface. The systems are built based on the atomic interaction between
the tip and sample surface at different distances, which can be either short-range
repulsive interaction or longer-range attractive interaction. As the tip approaches
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Figure 2.24: Typical AFM setup and SEM images of cantilever. A. Main elements
in AFM setup, including cantilever, laser diode, photodiode detector and piezo-
scanner, Image taken from Chang et al, Tzu Chi Med J, 2012 [307]; B. Side view
of a cantilever with a tip attached to it; C. Top view of triangular shape of the
cantilever; D. View of the pyramid shaped tip. Image taken from Rao and Costa,
Biomedical Imaging, 2014 [308].
the surface, the attractive forces between the cantilever tip and sample, such as
Van der Waals force, deflects the cantilever toward the sample surface. While
as the cantilever tip is brought in contact with the sample surface, the repulsive
forces, such as Pauli-exclusion interaction [310], deflects the cantilever in the op-
posite direction (Figure 2.26). Then the quadrant photodiode detector detects the
deflections of the cantilever by a laser beam which could reflect off the back of the
cantilever. The photodiode detector could pick up the vertical and lateral motion
of the tip while the tip is continuously moving along the surface of the sample. In
this way, the topographic images of the sample surface are generated by plotting
the deflection once the tip completes the scanning over the sample surface.
Apart from the topography of the sample surface, the amount of force between
the tip and sample can also be obtained depending on the spring constant of the
cantilever and the distance between the tip and sample surface by using Hook’s
Law as F = kx. F is the force exerted on the cantilever during scanning, while k is
the spring constant of the cantilever, and x is the cantilever deflection. By tracking
how the sample deforms in response to applied force, the mechanical properties
of the sample are obtained. During AFM scanning, force curves are recorded dur-
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ing approaching the AFM tip to the sample surface and retracting (Figure 2.25).
A force curve can be divided into approach force curve and retracting force curve.
From the approach force curve, topography of the surface, indentation forces, de-
formation as well as the stiffness of the sample can be quantified. While from the
retraction force curve, adhesion forces and viscosity can be calculated.
Figure 2.25: Force curve of AFM. Principle of force curve by approaching (black)
and retracting (red) the AFM tip. The tip of the cantilever is initially away from the
sample (1) to which it is brought into contact (2). During retraction (3) of the AFM
tip, adhesive event (4) may occur [311]. Adapted from JPK handbook.
There are several imaging modes available for AFM measurement that could gen-
erate a wide range of useful information. The most commonly used modes are
contact mode, non-contact mode and tapping mode, depending on the applied
force and the distance from the tip to the sample (Figure 2.26A).
a. Contact mode: The AFM tip moves directly across sample surface (Figure
2.26B). As a result, the tip-sample interaction occurs in the repulsive region as
shown in Figure 2.26A. This mode is preferred when the sample surface is not
substantially stiffer than the tip. Contact mode can be divided into constant force
mode where a feedback loop is used to keep the deflection of cantilever con-
stant, and constant height mode which is suitable for scanning samples with small
height differences. Since the tip is constantly in contact with the sample surface,
the applied force and its created frictional forces would gradually cause undesir-
able damage to both the vulnerable soft samples and tips. Damaged or blunted
tips would lead to a decrease in the resolution of obtained topography images.
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Figure 2.26: Force as a function of probe-sample separation. A. Tip-sample sep-
aration curve illustrating the main interaction during AFM scanning; Schematic
representation of contact mode (B), noncontact mode (C) and tapping mode (D)
[312]. Adapted from JPK handbook.
b. Non-contact mode: The AFM tip and sample surface remains non-contact
with a certain distance (Figure 2.26C), so that the tip-sample interaction only
occurs in the attractive region as shown in Figure 2.26A. In non-contact mode,
the cantilever vibrates near the sample surface at a frequency higher than its
resonant frequency. The benefit of using non-contact mode, is that it effectively
avoids frictional forces, making it possible to measure soft samples without any
damage to their surface. The disadvantage is, however, that non-contact mode
generates images with lower lateral and z-resolution when compared to contact
mode,
c. Tapping mode: In order to overcome the limitations of both contact mode
and non-contact mode, tapping mode was developed [313]. An AFM tip makes
intermittent contact with sample surface at a resonant frequency (Figure 2.26D).
Unlike contact mode, the tip just touches the sample surface at the bottom of its
swing, which takes very short time. In this way, during the tip scanning across
the sample surface, frictional forces are greatly reduced. At the same time, the
resolution of the surface topography is not affected. Therefore, tapping mode is
the most often used AFM mode for soft materials like biological samples due to
its high resolution, and the nearly non-destructive nature of the imaging.
AFM is a sophisticated tool that can reveal nano-scale structures of a cell within
pico-newton forces. One of the advantages by using AFM is that the forces ap-
plied can be controlled precisely, and the accessible range of forces is large. In
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addition, there are many choices for tips from the stiffness to shapes such as pyra-
mid shape and core shape. On the other hand, the experiments taken by the AFM
are typically on the cellular surface, not intracellular properties. Furthermore, the
shape of the AFM tip, as well as the location of tip attachment, affect the nature
of the force-deformation curves and biases the results of the test; therefore re-
sults are not easily transferable and comparable between experiments employing
different AFMs.
2.4.2.2 Cell poker
In cell poker experiment, a glass needle is used to poke a cell or one of its sub-
cellular structures [314]. The needle is made thin enough to apply small but
meaningful forces to deform the cell without damaging it (Figure 2.27). Working
as a spring, the bending stiffness of the glass microneedle has to be calibrated
before the experiment. The force applied on the cell can be calculated by the de-
flection of the needle [315]. Elasticity of the cell can be determined from the slope
of these experimental force-displacement curves by monitoring force and defor-
mation of the cell. However, this approach is time-consuming and data-limited.
Figure 2.27: Cell poker. A. Schematic representation of the cell poking device
and detection by microscope; A. The adherent cell is indented by a glass stylus
that is coated with BSA to prevent its attachment to the cell; B and C. Images of
the cell edge are taken after poking and immediate retraction of the glass stylus;
D. The relaxation of the cell membrane after deformation is recorded by a high-
speed video camera. The rate of relaxation is determined from the analysis of
video frames using an elastic response theory. Image taken from Tanishita and
Yamamoto, Springer, 2016 [316]
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2.4.2.3 Compression
The compression technique is used to measure the mechanical responses of
cells to unidirectional compression. The experiment is performed on a single cell
or a population of cells growing on a flat plate, with another plate coming into
contact with these cells. The force applied to the cells is strictly monitored and
the deformation of the cells is recorded by a light microscope (Figure 2.28A). With
this concept, many new compression techniques have been developed and used
in cell mechanics-related research. For example, cells are seeded inside a gel
to mimic the 3D environment, and the gel is compressed to check the response
of the cells [317] (Figure 2.28B). Alternatively, cells seeded on the top of a gel
with different topographies are compressed laterally by the compression of the
substrate [318] (Figure 2.28C). Advantages of compression are wide force range,
possibility to study cells in 2D or 3D.
Figure 2.28: Schematic of the compression experiment. A. An optic fibre probe
positioned above a single cell, is automatically moved by a motor controller at con-
stant velocity to compress the cell. The force is measured as a function of time.
Di and h represent the height before and after compression. Image taken from
Smith et al, PNAS, 2000 [319]; B. Chondrocytes embedded in agarose gel were
uniaxially compressed from one side. The changes of cell shape is monitored
under constant strain. Image taken from Jalili and Laxminarayana, Mechatron-
ics, 2004 [317]; C. Schematic of the cellular microdomain compression device
with polydimethylsiloxane (PDMS) microchannels. Image taken from Cheng, J
Biomech, 2009 [318].
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2.4.2.4 Optical tweezers
Optical tweezers also called optical trapping, relies on the concept that as light
enters a medium of a different refractive index, the direction of light path changes.
A restoring force is created by the passing light due to conservation of momen-
tum. Therefore, a particle can be trapped or deformed optically and manipulated
with a collimated light source [320]. Optical tweezers use the gradient forces to
trap a bead and control its movements with a highly focused laser beam (Figure
2.29A). The beads are coated with ECM proteins to allow the binding of the beads
to cell membrane. The trapping force can be calculated, by knowing the intensity
of gradient of the laser, the refractive index of the beads and cell medium.
Figure 2.29: Optical tweezers. A. A small particle is stably trapped by a highly fo-
cused laser beam. The position of the particle can be controlled by the movement
of trap and small forces can be estimated from the changes in the displacement of
the particle from the center of trap. Image taken from Moeendarbary and Harris,
WIREs Systems Biology and Medicine, 2014 [321]; B. Up: the tether extraction
experiment involves pulling of an optically trapped bead attached to a cell mem-
brane away from the cell. Scale bar: 10 m; Down: zoom of the white rectangle,
scale bar: 5 m; C. The force-distance curve of tether extraction experiments on
microglial cell. Image taken from Pontes et al, PLoS One, 2013 [322].
Due to the advantages of noninvasiveness and sterility, optical tweezers are more
desirable tools for cellular manipulations during biology research. In addition, the
high sensitivity and high accuracy of bead systems allow us to perturb particu-
lar subcellular structures, such as the pulling of membrane tethers [322] (Figure
2.29B and C). Nevertheless, due to limitations on the number of lasers that can
be simultaneously used to trap different particles, the amount of force is limited.
Moreover, increasing the laser power in order to increase the optical forces could
induce local heating of the cell, which would result in damage of cell structures
and changes in cell mechanical properties [323].
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2.4.2.5 Magnetic technique
The working principle of magnetic tweezers is similar to that of optical tweezers,
which is pulling on cells or subcellular structures [324]. The difference is that the
beads, which are ferromagnetic, are controlled by a magnetic field gradient pro-
duced by electromagnetic coil. The magnitude of the force applied to the beads
can be regulated by the intensity of the magnetic field (Figure 2.30A). Another
choice is magnetic twisting cytometry, which utilizes oscillating magnetic fields to
create a torque on magnetic beads [325] (Figure 2.30B), which are attached to
the surface of the cells by specific receptors.
Figure 2.30: Magnetic technique. A. Schematic representation of the magnetic
tweezers and imaging system. An electromagnet with a ferromagnetic core
sharpened at the sample side was built to concentrate the magnetic field and
allow generation of high-amplitude forces on micrometer-sized particles. The cur-
rent in the solenoid is controlled via computer through a power amplifier. Image
taken from Tanase et al, Method Cell Biol, 2007 [326]; B. Schematic of the mag-
netic twisting cytometry measurements. Ferromagnetic microbeads attached to
the cell membrane are magnetized in the (φ0) direction. The bead is twisted (φ)
by applying a vertical magnetic field (H). The bead rotation is computed from the
change in the magnetic field recorded with a magnetometer. Image taken from
Puig-De-Morales et al, J Appl Physiol, 2001 [327].
Magnetic tweezers and magnetic twisting cytometry have the advantage of large
force range, which require a strong magnetic gradient that can be generated a
variety of coil alignments. Moreover, compared with optical tweezers, magnetic
techniques produce little heat or photodamage to the cells during long term ex-
periment [328]. However, this requires cumbersome feedback control in addition
to sophisticated custom-machined pole pieces [329].
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2.4.2.6 Micropipette aspiration
Micropipette aspiration techniques measure the whole cell mechanical properties
by examining how much cellular material is pulled into a glass pipette in response
to negative pressure. Generally a micropipette aspiration system as shown in
Figure 2.31, is composed of: 1) a set of micro-manipulators, 2) a pressure gen-
erator, 3) a pressure gauge, and 4) an optical microscope [330]. This technique
is mainly performed on cells in suspension. Videos taken by the microscope are
used to monitor the cell deformation, like the radius and length of cellular material
within the glass pipette at varying known negative pressures.
Figure 2.31: Micropipette aspiration. A. Experimental setup of a traditional mi-
cropipette aspiration system. The pressure is generated by the differential water
level between columns of reservoirs. The cell is aspirated by a negative pressure
into the micropipette and the deformation is recorded by the optical microscope.
Image taken from Lee and Liu, J Nanotechnol Eng Med, 2014 [330].; B. Rep-
resentative images showing cell aspiration inside the pipette at 4 s, 60 s and
180 s after applying 0.755 kPa pressure. Scale bar: 10 mm. Image taken from
Sliogeryte et al, Sci Rep, 2014 [331].
The relative simplicity and low cost make micropipette aspiration still a widely
adopted technique to study cell mechanics. It can provide force resolution down
to piconewtons, and can be applied to a large range of cell types [332]. However,
the glass capillary micropipette has to be manufactured by the operator, requiring
both time and expertise. Moreover, only a single cell can be aspirated at one
time, which is time consuming. The long-term experiment will affect measure-
ment accuracy due to changing cell condition and environment. What’s more, the
experiment is operated on cells in suspension instead of attaching to the surface.
The results may not reflect the real physiology state of the cells.
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2.4.2.7 Particle-tracking microrheology
This technique focuses on the measurement of cytoplasm mechanical properties.
Fluorescent beads of less than 1 µm in diameter are injected into the cytoplasm
of live cells (Figure 2.32C). The paths of the beads are tracked by fluorescence
microscope (Figure 2.32D). The local mechanical properties of living cells can be
quantified by monitoring the non-Brownian motion of individual micro-injected flu-
orescent particles. Interaction of trapped beads inside the cell with elastic cellular
network could be one of the sources of non-Brownian movement [333]. Multi-
ple particle tracking analysis can be broken down into four processing stages: 1)
correcting imperfections in individual images, 2) accurately locating particle posi-
tions, 3) eliminating false or unwanted particles, and 4) linking these positions in
time to create a trajectory [334] (Figure 2.32 E and F).
Figure 2.32: Particle-tracking microrheology. A. Submicron fluorescent beads
are dialyzed; B. The beads are spread on a grid placed inside a ballistic injec-
tion machine; C. Beads are injected and dispersing within the cytoplasm; D. The
random spontaneous movements of the beads are monitored with high spatial
and temporal resolution a high-magnification fluorescence microscopy; E. Using
the appropriate software, the time-dependent (x, y) coordinates of the beads are
mathematically transformed into mean squared displacements (MSDs); F. The
time lag-dependent MSDs of the beads are subsequently transformed into local
values of either the frequency dependent viscoelastic moduli. Image taken from
Wirtz, Annu Rev Biophys, 2009 [333].
One of the advantages is that particle tracking microrheology can measure di-
rectly the mechanical properties of the cytoplasm because of the intimate contact
between the fluorescent beads and subcellular structures. Also it is quite efficient
that the measurement requires short time of data collection, typically 10-20s. By
tracking multiple beads at one time, it can give results of mechanical responses
of various parts of the cells [335]. Furthermore, particle tracking microrheology
could be used to study mechanics of cells embedded in a 3D matrix. However, It
is computationally intensive to analyse the measurements[336].
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2.4.3 Summary
In summary, cell mechanical properties are essential for cellular and subcellular
functions and changes in these mechanical properties could reveal healthy states
of cells, like cancer cells with soft stiffness. The techniques introduced above can
be used to measure the mechanical properties on a population of cells, a single
cell, or subcellular structures of a range of cell types. Although not every method
is perfect, each of these techniques has its technical advantages and limitations.
Among these techniques, AFM attracts more and more attention in measuring
mechanical properties in biological studies. The AFM system employed in this
thesis will be discussed in more details in chapter 3 and chapter 5.
2.5 Hypothesis and Aims
Previous studies have shown that cells with higher motility are usually softer than
the counterparts, which is applicable to both for cancer cells and normal cells. It is
therefore believed that being soft is an advantage for cell deformation and would
improve its capability for migration and invasion. On the other hand, previous
literature has also clearly shown that increasing phosphorylated T567 Ezrin is
related with cancer progression, as well as cell migration. The hypothesis of
this thesis is that phosphorylated Ezrin at T567 could promote cell migration by
making the cell softer. Also all the changes in cell migration and mechanical
properties will be explained by changes in cytoskeleton organization.
In order to test the hypothesis, several aims were listed as followings:
1. Investigate the effects of phosphorylated Ezrin on cell migration and protein
distribution patterns by long-term live cell imaging;
2. Investigate the effects of phosphorylated Ezrin on cell mechanical proper-
ties by AFM measurement;
3. Investigate the effects of phosphorylated Ezrin on cell morphology and three
cell cytoskeleton: actin filaments, microtubules, vimentin by image quantifi-
cation approaches;
4. Build up a sandwich model to confine cells between two gels in order to
study bleb-based migration.
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Materials and methods
3.1 Cell culture medium, buffers and reagents
Information about cell culture medium, buffers and reagents are summarized in
Table 3.1. Information about antibodies are summarized in Table 3.2.
Table 3.1: Information about cell culture medium, buffers, reagents and chemical
formulations
No. Product Source Composition or
stock
Storage
condition
1 DMEM (Dulbecco’s
Modified Eagle
Medium)
Gibco UK 1x 4◦C
2 RPMI 1640 medium
(Roswell Park Memo-
rial Institute medium)
ThermoFisher,
UK
1X 4◦C
3 Opti-MEM Medium Gibco UK 1X 4◦C
4 Flurobrite-DMEM Thermo Fisher
Scientific, UK
1X 4◦C
5 PS (peni-
cillin/streptomycin)
Sigma-Aldrich,
UK
10X -20◦C
6 Trypsin-EDTA Sigma-Aldrich,
UK
1x -20◦C
7 BSA Sigma-Aldrich,
UK
1 g of powder
per 10 ml of di
water
4◦C
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8 type 1 collagen from
calf skin
Sigma-Aldrich,
UK
1mg/ml in 0.1M
acetic acid
4◦C
9 PBS (Dulbecco’s
Phosphate Buffered
Saline)
Sigma-Aldrich,
UK
9.6 g of powder
per liter of di wa-
ter
4◦C
10 DMSO (Dimethyl sul-
foxide)
Invitrogen, UK N/A RT
11 kanamycin Sigma-Aldrich,
UK
50 g/ml -20◦C
12 ampicillin Sigma-Aldrich,
UK
100g/ml -20◦C
13 toluene Sigma-Aldrich,
UK
neat RT
14 3-(Trimethoxysilyl)
propyl methacrylate)
Sigma-Aldrich,
UK
N/A 4◦C
15 40% acrylamide Bio-Rad, UK N/A 4◦C
16 2% bis-acrylamide Bio-Rad, UK N/A 4◦C
17 TEMED (Tetram-
ethylethylenedi-
amine)
Sigma-Aldrich
UK
N/A RT
18 APS (Ammonium
Persulfate)
Sigma-Aldrich
UK
10X -20◦C
19 PDMS (Polydimethyl-
siloxane)
Sigma-Aldrich
UK
N/A RT
20 PFA (formaldehyde) Sigma-Aldrich
UK
8% (w/v) in PBS RT
21 Triton x-100 Sigma-Aldrich
UK
RT
22 LB (Luria Broth) Invitrogen, UK 1:500 RT
23 agar Invitrogen, UK 1:500 RT
24 Phalloidin SantaCruz
sc301530,
sc363791, US
1;500 -20◦C
25 Prolong gold antifade
mountant
ThermoFishers,UKN/A RT
26 Lipofectamine LTX
Plus
ThermoFisher
Scientific, UK
N/A 4◦C
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Table 3.2: Information about the antibodies used in the experiment
No. Antibody Catalog No. Dilution ratio
1 Tubulin (anti-rabbit) Abcam ab4074 1:200
2 Vimentin(anti-mouse) SantaCruz sc373717 1:500
3 Ezrin (anti-mouse) SantaCruz sc58758 1:500
4 Goat anti-rabbit (TRITC) Abcam ab6718 1:500
5 anti-mouse(TRITC) Invitrogen a21202 1:500
6 anti-rabbit(FITC) Invitrogen a21206 1:500
7 anti-mouse(FITC) Invitrogen a31570 1:500
3.2 Cells and cell culture
3.2.1 NIH 3T3 cells
NIH 3T3 fibroblast cells were derived from Swiss albino mouse embryo tissue.
NIH 3T3 cells were cultured in Dulbecco′s Modified Eagle Medium (DMEM, Gib-
coUK) supplemented with 10% Fetal Bovine Serum (FBS, Sigma-Aldrich, UK). A
humidified incubator with 5% CO2 at 37◦C was used for cell growth and storage.
3T3 cells, which have high growth rate, were passaged every two days to pre-
vent full confluence. Adherent 3T3 cells were washed with Phosphate-Buffered
Saline (PBS) solution once before detachment by incubation with 500 µL trypsin
solution (Sigma-Aldrich, UK) at 37◦C for 5 min. As soon as cells detached, fresh
culture medium was added to stop the reaction with trypsin and the mixture was
then centrifuged at 1000 rpm for 5 min. The waste medium was then pipetted
out without disturbing the cell pellet, followed by resuspending in fresh medium.
Lastly, cells were pipetted into new flasks at a split ratio of 1:5 before putting back
into the incubator. Cells were stored in complete growth medium supplemented
with 10 % Dimethyl sulfoxide (DMSO, Invitrogen, UK) in liquid nitrogen.
This study was carried out in fibroblasts, which is due to their mesenchymal na-
ture. When cultured in sparse conditions, they become well spread and display
a strong migratory phenotype. This makes them a suitable model to study the
relationship between cell migration direction and cytoskeletal organization or in-
tracellular distribution of proteins.
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3.2.2 U937 cells
U937 cells (a kind gift from Dr Jing Xu, Queen Mary University of London) are
of the myeloid lineage isolated from the histiocytic lymphoma of a 37-year-old
male. Growth medium, RPMI 1640 medium (Roswell Park Memorial Institute
medium) (ThermoFisher, UK), was supplemented with 10% FBS (Sigma-Aldrich,
UK), 1% penicillin/streptomycin (PS). U937 cells were suspensively cultured in a
humidified atmosphere with 5% CO2 at 37◦C. Passage the cells every 3-4 days
by centrifuging at 1000 rpm for 5 min. After discarding the supernatant, the cells
were resuspended and reseeded in T25 flask at 1-2 x 10 5 cells/ml. For direct cell
imaging experiment, resuspended cells were seeded into a petri dish containing
a gel with low cell density to get single cell for imaging. Cells were stored in
complete growth medium supplemented with 5% DMSO at liquid nitrogen.
3.3 Transient cells transfection
3.3.1 Plasmids for Ezrin and its mutants
To analyze the role of Ezrin phosphorylation state, NIH 3T3 cells were trans-
fected with different mutants of Ezrin as illustrated in Figure 3.1: (1) wild type
Ezrin, which can switch between active and inactive modes; (2) the phospho-
mimetic mutant, Ezrin T567D, which acts as a constitutively activated Ezrin; (3)
the phosphodeficient mutant, Ezrin T567A, which is constitutively inactive. Apart
from those, cells were also transfected with truncated Ezrin, FERM domain, which
only contains the plasma membrane binding domain, acts as a competitive in-
hibitor of endogenous ERM proteins [35]. Plasmids were a kind gift from Prof
Guilluame Charras (University College London, UK). The Ezrin, Ezrin T567D and
Ezrin T567A were tagged with EGFP, while FERM domain was tagged with RFP.
Therefore, the transfected cells could be visualized by fluorescent microscope.
3.3.2 Plasmid mini preparation
Prepare Luria Broth liquid medium: Firstly, 12.5 g Luria Broth base and 500 ml
distilled water were mixed evenly. Then the cap was loosely closed on the bottle
and the medium was autoclaved. After autoclaving, the cap was screwed tightly
on the bottle after the medium cooling to room temperature. The medium was
stored in a fridge at 4◦C. Before use, antibiotics were added.
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Figure 3.1: Ezrin mutant used in this study. On the left: schematic depicts the do-
main structure of Ezrin and its mutant; on the right: domain organization of Ezrin
and its mutant. A. Wild type Ezrin, which can switch between active and inactive
mode; B.The phosphomimetic mutant, Ezrin T567D, in which the 567 threonine
was replaced by aspartate, mimicking constitutively activated Ezrin; C. The phos-
phodeficient mutant, Ezrin T567A, in which the 567 threonine was replaced by
alanine, which is constitutively inactive; D. Truncated Ezrin, FERM domain, which
only contains the plasma membrane binding domain.
Prepare LB agar plates: 12.5 g Luria Broth base, 7.5g agar and 500 ml distilled
water were mixed evenly. The medium was autoclaved and allowed to cool to
below 50◦C. Then antibiotics were added before pouring the medium into plates
(about 10 ml per plate) on a clean bench next to a Bunsen burner to sterilize
the surrounding environment. Plates were left overnight in room temperature for
solidification. Plates were stored inverted at 4◦C for future use. Before use, plates
were incubated at 37◦C for at least 10 minutes.
Obtain single colony: The surface of frozen bacterial glycerol stock was lightly
scratched with a sterilized wire loop or pipette tip. The loop with bacteria was
streaked slightly across the agar plate. Then the plate was inverted and incubated
overnight at 37◦C to get single colony.
Culture bacterial within plasmids: Suspension culture of E.coli in LB liquid
medium supplemented with antibiotic (kanamycin 50 g/ml; ampicillin 100g/ml).
Using a sterilized tip, single colonies were selected from the LB agar plate. Then
the tip was dropped into the liquid medium. Tubes were loosely closed to allow its
contact with air and the colonies were incubated at 37◦C for 12-18 h in a shaking
incubator at 225 rpm. Plasmids were extracted from the bacterial culture using
Spin Miniprep kit (Qiagen Ltd, Germany).
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3.3.3 Cell transfection
NIH 3T3 cells were seeded the day before transfection so they could reach 80-
90% confluence at the time of transfection. All transfections were carried out with
Lipofectamine LTX Plus (ThermoFisher Scientific, UK). For 1x105 cells, 250 ng
of plasmid was used. The transfection was conducted according the protocol
in table 3.3. After 6 h, transfection medium was replaced with normal growth
medium. Transfection efficiency was approximately 60 % for NIH 3T3 cells. All
the experiment was performed on visible transfected cells only.
Table 3.3: Transfection protocol with Lipofectamin LTX
No. Step Component
1 Seed cells be to 80-90% confluent at
transfection
Adherent cells 1x105
2 Dilute Lipofectamine LTX Reagent in
Opti-MEM Medium
Opti-MEM Medium 25 µ l
Lipofectamine LTX
Reagent
2 µ l
3 Dilute DNA in Opti-MEM Medium with
PLUS regent
Opti-MEM Medium 25 µ l
Plasmid 250 ng
PLUS regent 2 µ l
4 Mix the diluted DNA and Lipofec-
tamine LTX
Diluted DNA 25 µ l
Diluted Lipofec-
tamine LTX
25 µ l
5 Incubation Time 5 min
6 Add DNA-lipid mix to cells Mix 50 µ l
3.4 Cell staining
3.4.1 Actin staining
Staining was performed next day after reseeding transfected cells. Firstly, cells
were washed with PBS twice to remove medium components before fixing by in-
cubation with cold 3.7% formaldehyde (PFA) (Sigma-Aldrich UK) solution at room
temperature for 10 min. Then the cells were washed with PBS three times. Sec-
ondly, cells were permeabilized by incubation with 0.25% Triton x-100 (Sigma-
Aldrich, UK) for 5 min before washing cells with PBS three times. Lastly, cells
were incubated with Phalloidin (SantaCruz sc301530, sc363791, US) diluted at
the ratio of 1:500 in PBS at room temperature for 1.5 h without light, followed by
washing three times with PBS. Finally, coverslips were mounted for microscope
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imaging using Prolong gold antifade mountant (ThermoFishers,UK) on the slides.
3.4.2 Tubulin, vimentin and Ezrin staining
Transfected cells were fixed with 3.7% PFA for 10 min followed by washing with
PBS three times. Then the cells were permeabilized with 0.25% Triton X-100
for 5 mins in order to create holes on the cell membrane for the entry of large
molecules, followed by washing with PBS three times. Next the permeabilized
cells were blocked with 10% BSA (Sigma-Aldrich, UK) for 1h at room temperature
in order to reduce nonspecific background noise and improve the sensitivity of the
experiment. After that, samples were incubated overnight at 4 ◦C with primary
antibodies including tubulin, vimentin and ezrin, diluted with 1% BSA. The next
day, samples were washed three times with PBS to get rid of unbinding antibody
before subsequently incubated with secondary antibodies for 1h at room temper-
ature in the dark. After staining, coverslips were mounted onto glass slides using
ProLong Gold Antifade Mountant containing DAPI. The information and usage of
primary antibodies and secondary antibodies are listed in Table 3.2.
3.5 Statistical analysis
Statistical analysis was performed with OriginLab analysis software. Results of
Ezrin and its mutants were statistically analyzed by one-way analysis of variance
followed by Dunnett test against control (Ezrin transfection). Statistical signifi-
cance was reported at p, 0.05 (*), p, 0.01 (**) and p, 0.001 (***) unless otherwise
stated. Data was displayed by box plots, which is a graphical representation of
key values from summary statistics. The box plot used here extends from the
10th to the 90th percentile covering 25th and 75th percentile, whiskers from the
5th to the 95th as shown in Figure 3.2.
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Figure 3.2: Example of box plot used in this study. Image adapted from OriginLab
website: https://www.originlab.com/doc/Origin-Help/PD-Dialog-Box-Tab.
3.6 Long-term live-cell imaging
Long-term live-cell imaging is a powerful technique that enables the observation
of biological process over extended periods of time. The advantage of live-cell
imaging over fixed-cell imaging is to allow direct visualization and temporal quan-
titation of dynamic cellular events. One of the biggest challenges is to main both
temperature and 5% humidified CO2 atmosphere in order to keep cells healthy
and live. Another challenge is to acquire long-term videos encompassing multi-
ple fields of view with several fluorescence channels together as the experiment is
always time-consuming. Ultimately, manually tracking cell dynamics is also highly
laborious to analyze the generated massive data files. The microscope used
in this study, lumascopy-720 microscope, together with the image quantification
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pipeline developed by our group have well solved these challenges.
3.6.1 Lumascopy-720 microscope
LS720 microscope (Etaluma, US) is a highly versatile, compact inverted fluo-
rescence microscope. The biggest advantage of this microscope is that LS720
microscope is highly compact that it could be placed in an incubator (Figure 3.3).
In this way, the imaging environment, e.g. the concentration of CO2, the tem-
perature and humidity, can be well maintained during long term imaging. Cells
can also be well protected from outside interference. LS720 microscope can de-
tect blue, green and red fluorophores, such as BFP, DAPI, FITC, Fluo-4, GFP
and mCherry. It enables the examination of samples with different fluorescent
labels simultaneously. What’s more, the microscope is equipped with exquisite
X-Y stage with auto-focusing in Z-axis, which ensures the stability of the imaging
process to avoid drifting. Furthermore, LS720 microscope allows multiple field
imaging in the flasks or multi-well plates, offering the benefits to obtain sufficient
data to be selected for analysis during one single experiment. This automation
system becomes especially useful when an experiment takes hours or even days.
In this thesis, Lumascopy-720 was used to track cells expressing fluorescent pro-
teins, EGFP or RFP, for the migration and protein dynamics.
Figure 3.3: Lumascopy-720 microscope in an incubator for long-term live-cell
imaging.
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3.6.2 Cell migration experiment
Transfected cells were seeded onto 6-well plate at low density. Prior to imag-
ing, cell culture medium was replaced with FBS supplemented Flurobrite-DMEM
imaging specific medium (Thermo Fisher Scientific, UK) to reduce background
fluorescence and protect fluorescent protein from photo-bleaching. The software
used for imaging can divide a well in 6-well plate into 1356 fields as shown in
Figure 3.4. Fields with single transfected cells were selected and multiple fields
within the same well were imaged at the same time. Time-lapse recordings of
single cell dynamics were acquired with a 20x objective by LS720 microscope
with a frame rate of 5 min for at least 12 h. Videos were analyzed to measure the
migration speed as well as the protein distribution pattern during migration. All
the work was performed across independent experiments, which were repeated
at least three times.
Figure 3.4: Example of multiple well selection in the imaging. Each well of 6-well
plate was divided into 1356 fields. The yellow square represents the selected
view. Each selected view has its own z-position. Images on the right represent
views of the selected fields.
3.6.3 Image analysis
Single fluorescent images were generated from the microscope. The algorithm
written by Matlab was used to analyze the images, which was based on grey-
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scale fluorescent channel. Only these images showing that cells had been
healthy during the imaging process were selected and then converted from RGB
type into 8-bit type. Detailed process to analyze the stack are described as fol-
lows, which could be divided into three main steps:
(1) Determination of the cell outlines for every frame:
Based on the contrast between pixels with and without fluorescent signal, the
algorithm could recognize all the pixels with signals and put them together, which
then became the outline of a migrating cell as shown in Figure 3.5.
Figure 3.5: Determination of the cell outlines. The white arrow points to the outline
of a migrating cell.
(2) Calculation of the positions of cell centroids:
After cell outlines were identified, the positions of cell centroids inside the field
were calculated as x and y-coordinates in pixels (Figure 3.6). By comparing one
frame with the next one, the migration direction could be obtained. Cell rear and
cell front can also be distinguished. At the same time, instantaneous velocity at
each point was calculated using the xy-coordinates as obtained from each frame.
(3) Output results:
Fluorescent signal was analyzed for every frame. The algorithm for analyzing
fluorescent cells will be described in detail in the section of image quantification
approaches. Quantification results of protein intensity, protein distribution param-
eters, such as polarization ratio and peak front-to-back ratio were generated.
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Figure 3.6: Calculation of the positions of cell centroids. After finding all migrating
cells’ outlines, the code could output the x-y coordinate of the centroids.
3.7 Measurement of cell mechanical properties
3.7.1 NanoWizard 4 AFM for biological studies
Originally invented to measure topography of materials, AFM has now become a
powerful tool in biological studies, through continuous improvement and adjust-
ment. Nanowizard 4 AFM (Figure3.7) used in this study was developed to meet
most requirements for biological research. The key breakthrough that led to the
application of AFM in biology was the development of an optical detection system
[337]. The system is compatible with optical microscope for viewing samples in
bright field or fluorescent channels, even to make optical and AFM images over-
lays. In addition, the introduction of a fluid chamber and precise temperature
control, mimicking the native state of the biological system, has made it possible
to perform long term experiment on biological samples, like cells. More impor-
tantly, fast scanning combined with atomic resolution allows to observe cell and
tissue dynamics in real time and also protect cells from long term disturbance.
The high resolution in atomic scale makes it capable of revealing specific cellular
structures such as cytoskeleton, filopodia, lamellipodia and microvilli.
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Figure 3.7: NnanoWizard4 AFM used in this study. Adapted from JPK handbook.
3.7.2 Cell preparation
3T3 cell culture and transfection have been described in the previous chapter.
Next step after transfection was to reseed the transfected cells in a petri dish
with a diameter of 35 mm. Before seeding, the surface of the petri dish was
coated with collagen by incubation with collagen at 37◦C for one hour. After in-
cubation, the petri dish was rinsed with PBS and transfected cells were seeded
at low cell density in order to get single cell. Two hours prior to the AFM ex-
periment, cell culture medium was replaced by imaging medium supplied with
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), which could main-
tain the right PH value during the experiment. Also the medium does not contain
phenol red, which could reduce the background when the cells express fluores-
cent proteins. For the transfection of FERM domain, cells were seeded at the
petri dish at low density before transfection. Transfection was conducted in the
same petri dish to skip the step of detaching cells with trypsin.
3.7.3 AFM experiment
Cells transfected with one of the plasmids were plated on the petri dish in FBS
supplemented medium (ThermoFisher, UK). All the experiments were conducted
on a Nanowizard 4 AFM (JPK, Germany) with a petri dish heater to maintain
the samples at 37◦C. Rectangular gold-coated silicon nitride cantilevers with four-
sided pyramidal tips (0.06 N/m spring constant, BudgetSensors, Germany) were
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used as probes. Before each experiment, the spring constant of the cantilever
was calibrated using the thermal fluctuations method. Briefly, cantilever sensitiv-
ity was calculated based on a force curve on a bare region of the petri dish in
contact mode. Then after the cantilever was lifted a minimum of 500 µm above
the surface, the force constant was calibrated by thermal fluctuations. Fluores-
cent images of transfected cells were acquired by using an Axio Observer Z.1
epifluorescence microscope with Plan-Apochromat lenses (20x) equipped with a
cooled CMOS camera (Orca Flash 4). Mechanical measurement was performed
by JPK’s QI mode, which rapidly acquires force-curves generating a detailed im-
age of the topography and mechanical properties of the sample. For each mea-
surement, a matrix (32 x 32 force curves) that could cover the cell nuclear and cell
periphery was selected. For stiffness measurement, single transfected cell was
firstly selected by the epifluorescence camera as demonstrated in Figure 3.8.
Then not only the area above the nucleus, nearly the whole cell was scanned
by the tip where 1024 force curves were taken during the measurement. All the
work was performed across independent experiments, which were repeated at
least three times.
Figure 3.8: Example images for AFM measurement. Left: bright field images of
cells, arrow indicates the cantilever; right: fluorescent image of cells transfected
with inactive Ezrin T567A.
3.7.4 Data analysis
BECC model: Data analysis of the force curves was carried out using the BECC
model for thin adherent cells on a stiff substrate using a pipeline written in MAT-
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LAB as previously described [338, 339]. Briefly,
F =
8E tan θδ2
3π
×
{
1 + 1.7795
2 tan θ
π2
δ
h
+ 16(1.7795)2 tan2 θ
δ2
h2
}
(3.1)
where F is the applied force, δ is indentation, θ is the half-opening angle of the
cone, and Poisson’s ratio is assumed to be 0.5. At the same time, the applied
force could be expressed in another way where the deflection of the cantilever (d)
multiple the spring constant of the cantilever (k) as:
F = kd (3.2)
The indentation can be expressed as:
δ = (Z − ZCP )− d (3.3)
where Z is the displacement of the piezo and ZCP represents the piezo-position
at the contact point. The contact point was identified using a sequential search
algorithm as the point that maximized the goodness of the fit (r2) to the contact
part of the indentation curve using Eq. 3.1.
Finally, sample height can be computed as:
h = ZCP − Zglass (3.4)
where Zglass is the piezo-position at the contact point obtained on a region of bare
glass.
Depth-sensing analysis: Cell stiffness is determined on the basis of force curve
that is usually obtained by subtraction of cantilever deflections measured on rigid
and soft surfaces at a given relative sample position (Figure 3.9A). For cells, which
are soft, cantilever deflections are much smaller and the resulting force curves are
non-linear in character. The difference between these curves represents the de-
formation of the sample surface. Depending on the magnitude of the indentation
depth, distinct properties of cells can be calculated, revealing the heterogeneity
of the cell structure. Figure 3.9B presents the idea of the Young’s modulus deter-
mination at different indentation depths. After choosing the contact point position,
the fit was performed at different indentation depths [340]. With this method, the
stiffness of both cell cortex (indentation depth at 200 nm) and cell cytoskeleton
(indentation depth at 1200 nm) can be calculated from a single force curve .
Viscosity analysis: As cells are complex viscoelastic materials, their viscous
response plays an important role during AFM indentation process. In this method,
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Figure 3.9: Depth-sensing analysis. A. Young’s modulus is determined by sub-
traction of curves recorded on hard (in our case glass coverslip) and soft (fibrob-
lasts) surfaces; B. Comparison between fits obtained for models using conical or
parabolic shape AFM tip (lines correspond to the fit performed for indentations of
200, 800, and 1400 nm; black points are experimental data). Image taken from
Pogoda et al, Eur Biophys J, 2012 [340].
conventional AFM force curves are used to estimate the apparent viscosity of
non-adhesive soft samples. Perfectly elastic samples recover their original shape
instantaneously after the load is removed. The work done by AFM indentation
of cells is stored in the form of elastic energy in the cantilever deflection and
cell indentation. After the load is removed, the elastic energy is to restore to
the original undeformed state of cantilever and cell. Thus, the work done by the
elastic force is equal during cantilever approach and retract. If viscous effects are
present, the cell response to the cantilever force is composed of an elastic and
a viscous component, so that the work done by the cantilever is partially lost by
internal friction, generating an hysteresis in the approach/retraction cycle [341]
(Figure 3.10). Accordingly, cellular viscosity can be computed using the same
force curves.
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Figure 3.10: Schematics of a typical AFM force curve for soft samples exhibiting
hysteresis between approach and retract curves. The difference between Eapproach
and Eretract is an indirect measure of the apparent viscosity η of the sample. The
red curve represents the average between approach and retract curves, which
can be used to determine Eaverage. Image taken from Rebelo et al, Nanotechnol-
ogy, 2013 [341].
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3.8 Image quantification approach
Gene transcription level and protein translation level are normally calculated and
understood in terms of a cell population because all the information was gen-
erated from samples containing millions of cells, like PCR and western blot ex-
periments [342]. However, the diversity of cells among the members of the pop-
ulation is large and thus it is important to group the population based on the
differences between individual cells. For example, the transfection ratio can not
reach 100 % so cells used in the experiment contains transfected cells as well
as non-transfected cells. The results, such as western blot, are therefore also af-
fected by the non-transfected cells. Single cell analysis emerges in recent years
with advantages in studying of cell-to-cell variation within a cell population, like or-
gan, tissue and cell culture, providing useful information for researches like drug
development and stem cell differentiation [343, 344]. Singe cells can be isolated
with greater accuracy and specificity with the well-established methods, such as
micro-manipulation and cells expressing fluorescent markers.
3.8.1 Cell preparation
After 3T3 cell culture and transfection as described in previous chapters, trans-
fected cells were reseeded onto coverslips with a diameter of 22 mm. The cov-
erslips were coated with collagen by incubation with collagen solution at 37◦C
for one hour. Then the coverslips were rinsed with PBS and placed inside the
6 well plate with the treated face up. After that, transfected cells were seeded
onto the coverslips with a low cell density to obtain singe cell for imaging. For the
transfection of FERM domain, NIH 3T3 cells were seeded onto collagen treated
coverslips at a low density. Transfection was carried out on the cells attached to
the coverslips so that the step of detaching cells with trypsin can be skipped.
3.8.2 Epifluorescence microscope imaging
Leica DMI4000B, an inverted epifluorescence microscope, was used for images
acquiring. Leica DMI4000B is suitable for bright field (BF), phase contrast (PH)
acquisition and epifluorescence imaging with DAPI, FITC (fluorescein isothio-
cyanate), TRITC (tetramethyl rhodamin isothiocyanate), and Texas Red filters on
fixed cell and tissue samples (¡20m thickness). The internal filter wheel with mo-
torized excitation manager and FIM (Fluorescence Intensity Manager) enables
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excitation of fluorochromes in less than 20 milliseconds. FIM regulates light in-
tensity at five fixed levels and remembers the setting for each filter cube.
Fluorescent images of cell cytoskeleton, Ezrin and nuclear on fixed samples were
acquired by using an inverted epifluorescence microscope (Leica DMI4000B,
Germany) with a x20/0.5 NA objective lens and a CCD (Charged Coupled De-
vice) camera (Leica DFC300FX). The x20 objective was chosen for maximizing
the imaging depth, and at the same time, capturing high resolution of cytoskele-
ton and nuclear images. Isolated cells that remained neither damaged nor mitotic
were chosen for imaging. Cells were sequentially imaged on TRITC, FITC and
DAPI channels with adjusted gain and exposure time. The values of gain and ex-
posure time were stored in matadata files used for later imaging processing. All
the work was performed across independent experiments, which were repeated
at least three times.
3.8.3 Procedure of single cell analysis
Based on fluorescent images of single cells by staining or transfection, our group
has developed a specialized image processing pipeline for the analysis of single
cell cytoskeleton and nuclear, as described in previous publications [338, 345,
346]. With the help of epifluorescence microscope, images of single cells are
taken at different channels. Then the pipeline is used to convert large collection
of single cell images into quantitative data. The pipeline was written in Matlab
(Mathworks) and the procedure how it works is briefly described as follows.
The pipeline uses grey-scale immunostaining-based images and it follows five
independent steps:
(1) Determination of the cell outlines for every singe cell: Because images
were taken with 20x objective and cell sizes are small so there are normally many
cells in one single frame. The first step is that single cells, which were not at-
tached with other cells, were selected and cropped by a rectangular area. Figure
3.11 A-C show examples of cropped images with different channels. The outline
of the cell was identified by detecting the difference between signals inside and
outside the cells. In order to obtain accurate cell boundary, an outline around the
cell perimeter was drawn manually on the image. Then a cell mask was automat-
ically generated by using the algorithm (Figure 3.11D);
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Figure 3.11: Example inputs and outputs of the image analysis pipeline. Images
of cells transfected with Ezrin (A) stained with actin filaments (B) and DAPI (C)
are used as inputs to calculate Ezrin properties, cytoskeleton morphometric pa-
rameters and nuclear properties, respectively; D. Outline of the cell is generated
from these images to identify the perimeter of a single cell. Scale bar:30 µm
(2) Initial fiber segmentation: After identification of cell outline, cytoskeleton
fibers were determined by convolution of the cell image with elongated Laplace of
Gaussian (eLoG) kernels [347]. A small window with a size of 21x21 pixel working
as a fiber template filter is applied at each pixel location within the cell. The
window was rotated 180◦ with a step size of 6◦ gradually and a map of putative
fibers was generated by the maximization of image cross correlation signals;
(3) Fiber refinement: Fiber refinement was then carried out using a coherence-
enhancing diffusion filter. The fiber map identified in step two was refined by
extension and interconnection of interrupted fibers. Then the values of newly in-
serted pixels were examined by comparing with the average orientation of neigh-
bouring pixels within the same fiber, using a 9 x 9 pixel window. The pixel was
discarded if the difference was larger than pre-defined threshold. Also this step
would correct artifacts like bright dots. These fiber enhancement and trimming
steps were iterated until convergence of the algorithm.
(4) Subtraction of background: Lastly, fluorescent signals of non-specific bind-
ing that did not belong to the fibers were determined and removed by the pipeline.
A background fluorescence map is generated by computing median signal inten-
sity within a 21 x 21 window surrounding each non-fibre pixel near fibre edges.
The result was a smoothly changing intensity map with fiber pixels replaced by the
median of non-fiber pixels. This background map was then subtracted from the
original image and the pixels that obtained negative values belonging to a fiber
map were removed and the process was iterated until convergence was reached.
This process ensured that only pixels truly belonging to a fiber were included in
the resulting fiber map.
(5) Parameter calculations: 18 parameters were calculated characterizing the
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cytoskeleton and nuclear properties. Figure 3.12 shows an example of analyzed
actin fibers using this pipeline method and outputs of the actin fiber maps.
Figure 3.12: Example outputs of the actin fiber maps using the pipeline method.
A and B represent the hot map and actin fibers identified by the pipeline; while C
and D represent map angular orientation of actin fibers. More detailed information
can be found in references [338, 345, 346]
3.8.4 Output parameters
The pipeline could output 18 parameters, including parameters for cell morphol-
ogy, cytoskeleton properties, cytoskeleton micro-organization and nuclear state.
a. Morphology parameters
• Cell area: Sum of pixels covered by the mask of cell shape;
• Aspect ratio: Ratio between major and minor axis of cell shape, excluding
filopodia;
• Stellate factor: Determines the smooth level of the cell boundary. Larger
values indicate the presence of filopodia or a more stellate shape, whereas
lower values indicate a more solid shape;
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b. Cytoskeleton fiber parameters
• Total fiber intensity: Sum of pixel intensities for all pixels identified as
fibers;
• Fiber thickness: Average of pixel intensities for all pixels that were iden-
tified as fibers. The value was calculated by summing up intensities of all
pixels belonging to a fibre bundle normalized by its length. This process
was repeated for each fibre bundle and their median value was recorded.
• Variability in thickness: Variability in the distribution of all pixel intensities
for all pixels identified as fibers;
• Alignment: Dispersion of fibers within a cell by using the previously com-
puted orientations for all pixels identified as fibers. Values close to 0 indicate
that the majority of fibers were oriented in the same direction, whereas val-
ues close to 1 indicate random orientations of fibers;
• Curvature: Determine the curvature of fibre bundles in reference to the
centre of the cell. Values close to 1 indicate fibers that were very curvy,
whereas values close to 0 indicate straight fibers;
• Location of fiber peak: Radial position where fibers of maximum intensity
was found in the cell. Value of 1 corresponds to cell edge and 0 to the cell
center;
• Fiber spread: Represent the level of the diffusion or concentration of fibers
across the cell. Large values indicate that fibers were well spread through
the cell, whereas small values indicate that fibers were preferentially local-
ized in a single radial position;
• Length: Average length of the fibers weighted by average pixel intensity;
• Variability in fiber length: Variance associated with the length of the fibers
in a cell;
• Chirality: Once the center of the cell was identified, the fiber orientation
map was converted to compute the relative orientation of each fiber with
respect to the cell’s center. Values close 0◦ indicate that fibers were prefer-
entially pointing to the center of the cell, whereas values to 90◦ indicate that
fibers were preferentially pointing to the cell edge;
• Variability in chirality : Variance associated with chirality measurements;
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c. Nuclear parameters
• Brightness: Sum of pixel intensities identified as the nuclear which had
DAPI signals;
• Chromatin condensation: A measure of the local changes in nuclear DAPI
fluorescence intensity. Increased amount of nuclear speckles surrounded
by regions of dimmer intensity reflects increased chromatin condensation;
• Relative nuclear volume: Relative nuclear volume was estimated by mea-
suring 2D nuclear images and extrapolating a fluorescence intensity gradi-
ent in 2D nuclear images to approximate the nuclear height profile. Relative
volumes were calculated through the equation of a 3D ellipse;
• Poisson’s ratio: Ratio determined with the boundary condition that the
cell nuclear assumed perfectly spherical shape in the absence of exter-
nal forces. For each nucleus, Poisson’s ratio was described through the
relationship between volumetric changes and length changes in stretched
materials. Negative Poisson’s ratio means that the material expands in the
perpendicular direction of stretching forces and shrinks in the perpendicular
direction of compressive forces;
• Apparent nuclear stiffness: An apparent measure of nuclear stiffness, as
reflected by the amount of nuclear 3D deformation induced by the cell’s
intracellular tension.
3.9 Construction of sandwich model
3.9.1 Preparation of polyacrylamide gel
In order to facilitate binding of the polyacrylamide gel to the coverslip, the cover-
slips need to be activated at the very beginning. Briefly, coverslips with diameter
of 22 mm were placed on plasma oxidizer tray with one face up and oxidized with
oxygen plasma for 15 min. In the following experiment, the oxidized side was kept
face up. Then the coverslips were transferred to a glass petri dish and incubated
with activation solution (dry toluene and 3-(Trimethoxysilyl) propyl methacrylate
) in a fume hood overnight at room temperature. After washing coverslips three
times with water and once with ethanol, the coverslips were put in an oven for 1h
to dry and stored at room temperature afterwards.
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Stock solutions of acrylamide/bis-acrylamide mix were prepared from 40% acry-
lamide and 2% bis-acrylamide following table 3.4. Next, stock solutions were de-
gassed with nitrogen for 30 min to reduce oxygen within the solutions which pre-
vents polyacrylamide polymerization. Subsequently, the working solutions were
prepared following table 3.5 and mixed as fast as possible. A 40 µL drop of the
working solution was placed onto the hydrophobic slide and gently overlaid with
an activated coverslip with oxidized face side down. The gel solution was left for
several minutes to polymerize according to the stiffness. It is worth noting that
once the polymerized gel moves away from the coverslip edge resulting air gap at
the edge of the coverslip, it indicates the completion of polymerization. To avoid
drying of the hydrogel, after completion of polymerization was observed, the cov-
erslip with gel was separated immediately from the glass slide by tweezers. The
coverslips with gels were stored in PBS in a fridge.
Table 3.4: Stock polyacrylamide solutions
Gel E(kPa) 40 %AAm [ml] 2%Bis [µl] UPW [ml] Total vol. [ml]
1 0.5 0.625 25 4.35 5
2 2 0.625 50 4.325 5
Table 3.5: Working polyacrylamide solutions
Gel Vol. stock solution [µl] TEMED [µl] 10%APS [µl] Total vol. [µl]
1 500 4 0.75 509.75
3.9.2 Mechanical characterisation of polyacrylamide gel
The AFM measurements were performed on a Nanowizard 4 AFM (JPK, Ger-
many), integrated with an Axio Observer Z.1 epifluorescence microscope with
Plan-Apochromat lenses (x20) equipped with a cooled CMOS camera (Orca
Flash 4). Before each experiment, the spring constant of the cantilever was cali-
brated using the thermal fluctuations method. Coverslip with polyacrylamide gel
on the top was fixed in a petri dish and submerged in PBS. Mechanical measure-
ment was performed by JPK’s QI mode for rapid acquisition of force-curves and
topography mapping. Regions with a dimension of 100 by 100 µm were randomly
selected and measured in each sample. Data analysis of the force-displacement
curves was carried out by JPK analysis software.
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3.9.3 Sandwich model construction
Coverslips with gel on the top were fixed at the bottom of a petri dish with super-
glue. Then the petri dish was washed with PBS several times and sterilized under
UV lamp in tissue culture hood for 30 min along with another gel and spacer. The
sterilized spacer was placed on the top of the gel, at the same time the prepared
cells were seeded on the gel. Cells were allowed to settle onto the gel for sev-
eral minutes. Then a second gel, attached to a coverslip, was overlaid onto the
spacer with tweezers. To minimize drifting of the top gel during image acquisi-
tion, a PDMS block was placed above the top coverslip as a weight. Then growth
medium was added and the petri dish was put in the incubator to settle down.
3.9.4 Time lapse imaging
Cells were seeded onto gel at low density in order to obtain single cell dynamics.
Time-lapse recordings of single cell dynamics were acquired with 20x objective by
LS720 microscope (Lumascope, Etaluma, US) with a frame rate of 5 s for about
30 min. The microscope was placed inside the incubator so the temperature and
CO2 concentration of the imaging condition was maintained.
3.9.5 Images processing
Analysis of cell migration was performed using CellTracker, implemented in Mat-
lab (R2013b, MathWorks) as previously described in literature [348]. It is an im-
age processing software for automated, semi-automated, and manual cell migra-
tion detection (http://www.celltracker.website). All tracks were examined exclud-
ing those cells that were not isolated. The output data of average speed, x-,y-
coordinate, and distance from the original point, were chosen for further analysis.
3.9.6 Statistical analysis
Statistical analysis was performed with OriginLab analysis software. Results were
statistically analyzed by one-way analysis of variance followed by t-test. Statistical
significance was reported at p, 0.05 (*), p, 0.01 (**) and p, 0.001 (***) unless
otherwise stated.
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Effects of Ezrin and its mutants on
cell migration
4.1 Introduction
Cell migration is a fundamental process in the development and maintenance
of multi-cellular organisms during embryonic development, wound healing and
immune responses. The most extensively investigated migration mode is lamel-
lipodia based migration, which is often characterized by cell polarization to form
a leading edge that extends actin filament rich protrusions, like lamellipodia and
filopodia, via focalized cell matrix adhesions and proteolytic ECM remodeling.
Cellular movement is achieved by retraction of cell rear by actomyosin [349].
Ezrin, as the linker between plasma membrane and actin cortex, is involved in
the regulation of cell morphology and cell migration. Its direct interaction with
actin filaments provides a regulatory link between the cytoskeleton and the cell
membrane. Its FERM domain can bind to multiple membrane proteins via di-
rect binding or indirect binding. With the aid of its interacting proteins, Ezrin is
able to control cell migration along with other signals. For example, Ezrin pro-
motes cell migration in response to HGF stimulation as measured by the ability
of epithelial cells to close a wound [48]. 14-3-3 proteins are able to regulate the
actin cytoskeleton remodeling, cell adhesion and migration. It was found that
Ezrin is required by 14-3-3 ζ for direct physical interaction in the regulation of cell
migration and membrane ruffling [350]. CD44, the main transmembrane receptor
which transduces environment cues to morphological changes controlled by actin
cytoskeleton, interacts with Ezrin to direct cell motility [351].
The aim of this chapter is to investigate the role of Ezrin and its mutant, which
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have altered phosphorylation state at amino acid 567, in regulation of cell mi-
gration by long-term live-cell imaging. In addition, the protein distribution pattern
during migration at single cell level is studied as the location of Ezrin determines
the local intensity of the connection between plasma membrane and actin cortex.
4.2 Results
4.2.1 Optimum condition for cell transfection
Because the amount of Lipofectamine LTX regent required for successful trans-
fection varies depending on the cell types, the first step was to test the recom-
mended four concentrations of Lipofectamine LTX reagent to determine an opti-
mum amount from 2 µl, 3 µl, 4 µl and 5 µl. 2 µl of Lipofectamine was found to be
able to get about 60 % transfection ratio (Figure 4.1 ). Increasing the amount of
Lipofectamin LTX had similar transfection ratio but caused more cell death. Even
the transfection ratio varies between different plasmids, the results were consid-
ered to be good enough to carry out the following experiments.
Figure 4.1: Transfection efficiency of NIH 3T3 cells with Ezrin and its mutant.
Up panel: fluorescent images of 3T3 cells transfected with Ezrin, T567D, T567A;
Bottom panel: bright field images of the transfected cells. Scale bar: 50 µm
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Next step was to reseed the transfected cells in 6-well plate for the observation
of each individual cell. However, it was found that after reseeding the cells trans-
fected with FERM domain, the intensity of RFP signal dropped sharply in com-
parison to those cells without trypsin treatment (Figure 4.2). It means that, the
fluorescent protein tagged with FERM domain was RFP, which made the results
different from GFP. It is possible that the RFP is not as stable as GFP when they
are exposed to chemicals. The protocol used in this study was then optimized
for FERM transfection, where 3T3 cells were transfected directly in 6-well plate
and subjected to no treatment before imaging. Also the Flurobrite-DMEM imaging
specific medium was used to reduce the fluorescent background and at the same
time protect the fluorescent proteins from photo-bleaching.
Figure 4.2: Comparison of 3T3 cells transfected with FERM domain treated with
or without trypsin. A. Fluorescent image of 3T3 cells transfected with FERM do-
main was taken two days after transfection; B. 3T3 cells transfected with FERM
domain was digested with trypsin and reseeded next day after transfection. Flu-
orescent image was taken two days after transfection. The exposure time for the
two images was the same. Scale bar: 20 µm.
In this study, cells transfected with Ezrin was chosen as control because exoge-
nous Ezrin is considered to be regulated as endogenous Ezrin through character-
istic signalling pathways. To further verify that, cells were transfected with plasmid
encoding EGFP and Ezrin-GFP and the results showed that neither Ezrin-GFP
nor EGFP altered 3T3 cells’ motility (Figure 4.3). Therefore in the following study,
wild type Ezrin was used as control group as compared to other Ezrin mutant.
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Figure 4.3: Transfection of Ezrin had no significant effect on cell migration com-
pared with cells transfected with EGFP. Fluorescent images of cells transfected
with Ezrin (A) or EGFP (B). Scale bar: 20 µm.; C. Box plots shows the results
of migration velocity of these two types of cells, n=21 (Ezrin), n=34 (EGFP). ns
indicated no significant difference, Dunnett test.
4.2.2 The effect of Ezrin and its mutant on cell migration
Migration videos of cells transfected with Ezrin mutant were taken and analyzed.
The time lapse in Figure 4.4 shows representative images of four types of cells
from 0 h to 16 h (14 h for Ezrin) during migration. Cells transfected with Ezrin
T567D have the largest displacement during these 16 hours. While other cells
appear to stay at the same place, moving back and forth. Also quantification of
parameters obtained from the algorithm shows that transfection with active Ezrin
T567D promotes cell migratory capacity, with a speed of 30 µm per hour, com-
pared with transfection with other plasmids. In contrast, expression of inactive
Ezrin T567A and dominant negative FERM domain had no significant effect on
cell migration as compared to Ezrin plasmid (Figure 4.5). These results demon-
strate that phosphorylated Ezrin at T567 has the ability to promote cell motility.
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Figure 4.4: Time-lapse sequences of cells transfected with Ezrin, Ezrin T567D,
Ezrin T567A, or FERM domain. Fluorescent images were taken at 0 h, 4 h, 8 h,
12 h, 16 h (14 h for Ezrin transfection). Scale bar: 50 µm.
The migrating directionality of the transfected cells was also assessed. Figure
4.6 shows that the representative migrating path of about 10 cells for each trans-
fection over 12 hours of imaging. In agreement with Figure 4.4, transfection of
Ezrin T567D promotes cells migrating for longer distance with more persistence.
Two methods were used to calculate the straightness: one was Euclidean dis-
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Figure 4.5: The effect of Ezrin mutant on cell migration. NIH 3T3 cells were
transfected with wild type Ezrin (red), Ezrin T567D (green), Ezrin T567A (blue)
or FERM domain (cyan). Transfected cells were used for migration experiment.
Box plots show the results of migration velocity. Box plots extend from the 10th
to the 90th percentage, whiskers from the 5th to the 95th. For migration experi-
ments, n=21 (Ezrin), n=45 (Ezrin T567D), n=52 (Ezrin T567A), n=60 (FERM) cells
were analyzed. Asterisks indicate a statistical difference (* p<0.05, ** p<0.01, ***
p<0.001, obtained using Dunnett test against wild type Ezrin).
tance (e.g. line OA in Figure4.6 B) divided by total displacement; another one
was maximum distance from origin divided (e.g. line OB in Figure4.6 B) by to-
tal displacement. It suggests that from both methods that cells transfected with
Ezrin T567D migrated with larger directionality (Figure 4.6 E and F). While other
plasmids, Ezrin T567A and FERM domain had no effect on the directionality.
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Figure 4.6: Migration efficiency of transfected cells. A-D. Representative trajec-
tories of around 10 cells for each transfection, Ezrin (A), Ezrin T567D (B), Ezrin
T567A (C) and FERM domain (D) over 12 hours imaging. The starting position of
each cell were registered to the center of the plot. Box plot shows the migration
straightness of the transfected cells by two methods, method one (E) and method
two (F), n=9 (Ezrin), n=11 (Ezrin T567D), n=10 (Ezrin T567A), n=9 (FERM) cells
were analyzed.** p<0.01, ns indicated no significant difference, obtained using
Dunnett test against wild type Ezrin.
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4.2.3 Sub-cellular distribution of Ezrin mutant
The protein intracellular distribution patterns of Ezrin mutant were found to be dif-
ferent during migration (Figure 4.7). The next step was to identify the relationship
between Ezrin mutant distribution patterns and its biophysical properties. Two
parameters were created separately, polarization ratio and peak front-back ratio,
to describe intracellular distribution. Polarization ratio describes the level of sig-
nal spread, with the value of 1 meaning fully spread and 0 concentrated at one
point as shown in Figure 4.8 left. Peak front-back ratio identifies the place where
protein is predominantly located with respect to the direction of cell movement,
with 1 at cell front and 0 at cell rear (Figure 4.9 left). The majority of active Ezrin
T567D is localized in cell periphery with polarization ratio of 0.51 (Figure 4.8).
Also, the polarized Ezrin T567D is localized at the cell rear during migration, with
a peak front-to-back ratio of 0.48 (Figure 4.9). Conversely, inactive Ezrin T567A
forms a ring around the nucleus (Figure 4.7), which also has a lower polarization
ratio of 0.52, even though no statistically significant difference compared with wild
type Ezrin. Wild type Ezrin and dominant negative FERM domain is distributed
all around the cells with the highest polarization ratio of 0.54 (Figure 4.8). These
results indicate that the distribution of protein is related to its function.
Figure 4.7: The subcellular distribution of Ezrin and its mutations during migra-
tion. Example fluorescent images of transfected cells obtained from the time-
lapse videos. The example cell for Ezrin T567D showed clear persistent direc-
tional migration, indicated by the arrow. The other example cells showed no clear
directional migration. Scale bar 50 µm.
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Figure 4.8: Transfected proteins have different polarization ratios. A. Schematic
images represent how blue signal distributes when polarization ratio equals 1
and 0. When p=0, blue signal could concentrate at any point inside the cell,
for example, cell center and periphery ; B. Box plot of the result of polarization
ratio. n=21 (Ezrin), n=45 (Ezrin T567D), n=52 (Ezrin T567A), n=60 (FERM) cells
were analyzed. Asterisks indicate a statistical difference (* p<0.05, ** p<0.01, ***
p<0.001, obtained using Dunnett test against wild type Ezrin).
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Figure 4.9: Transfected proteins have different peak front-to-back ratio. A.
Schematic images represent how blue signal distributes when peak front-to-back
ratio equals 1 and 0; B. Box plot of the results of peak front-back ratio. n=21
(Ezrin), n=45 (Ezrin T567D), n=52 (Ezrin T567A), n=60 (FERM) cells were ana-
lyzed. Asterisks indicate a statistical difference (* p<.05, ** p<0.01, *** p<0.001,
obtained using Dunnett test against wild type Ezrin).
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4.2.4 The relationship between distribution parameters and
cell migration
Since cell migration is a dynamic process, the values of cell migration speed,
polarization ratio and peak front-to-back ratio for each individual cell change dur-
ing the course of a time lapse experiment. Therefore, it would be useful to find
out whether there is a relationship between cell instantaneous migration speed
and protein distribution patterns. All the parameters from each video were put
together and the relationship between migration speed and protein distribution
parameters were plotted. By this means, a linear relationship between migration
speed and these two parameters, polarization ratio and peak front-back ratio, was
found for active Ezrin T567D. It means when active Ezrin T567D accumulates at
the cell rear, cells migrate faster (Figure 4.10 A and B). More importantly, it also
shows that when inactive Ezrin T567A accumulates at the back of the nucleus
according to the migrating direction, the cells migrate faster.
Figure 4.10: The relationship between cell migration speed and the two parame-
ters, polarization ratio and peak front-back ratio. Plot shows how polarization ra-
tio (A) and peak front-to-back ratio (B) change with the velocity increasing. n=21
(Ezrin), n=45 (Ezrin T567D), n=52 (Ezrin T567A), n=60 (FERM) cells were ana-
lyzed.
In summary, these results suggest that active Ezrin T567D enhance cell migration
by preferentially localizing at the cell rear and, other mutant have no effect on cell
migration but have their own distribution patterns during migration.
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4.3 Discussion
4.3.1 Ezrin T567D promotes cell migration by polarized distri-
bution
In this chapter, the role of Ezrin, a linking protein between plasma membrane and
actin cortex, in the regulation of cell migration was investigated. As Ezrin was
reported to be involved in cancer metastasis, by promoting cell migration. Some
studies showed that the increased expression level of Ezrin promoted cell migra-
tion. Meng et al reported that Ezrin over-expression promoted cell protrusion and
cell motility in a pancreatic cancer cell line, MiaPaCa-2 [352]. Zhang et al trans-
fected osteosarcoma cell line MG63 with Ezrin and found that over-expression
of Ezrin promoted tumor cell invasion and migration [117]. On the contrary, the
results here showed that over-expression wild type Ezrin had failed to increase
cell migration speed by comparing the migratory ability with cells transfected with
EGFP. This is because the amount of activated Ezrin instead of wild type Ezrin is
related to cell migration. It has been reported that transfection of phosphorylated
states of Ezrin, Ezrin T567D, promoted cell migration [49]. Agree with their re-
sults, the expression of phosphorylated Ezrin at T567 was found to have the abil-
ity to enhance cell motility significantly. Other mutants, similar to wild type Ezrin,
inactive Ezrin T567A and dominant negative FERM domain had no significant
effect on cell migration. It has been reported that T-lymphoblasts cultured from
transgenic mice expressing phosphomimetic Ezrin T567E showed attenuated in
vitro migration and chemotaxis and in vivo homing and transmigration, as well as
reduced lamellipodia extension, as compared to cells overexpressing wild type
Ezrin [353]. In contrast to their results, expression of T567D Ezrin increased in
vitro migration with increased cell polarization and protrusion formation in T cells
[354]. The discrepancy may be due to differences in extent of over-expression
and cell types.
Not only the expression level of Ezrin T567D, but also distribution pattern inside
the cell, could affect cell migration. The results revealed that Ezrin T567D, the one
enhanced cell migration, was concentrated at the cell rear during cell migration.
Polarization is the preliminary step during cell migration, which determines the
leading edge and retracting rear [355]. This includes the actin filaments, myosin
and microtubules [356]. Now Ezrin is added to the list of components for cell
polarization. Ezrin may act as a role to recruit actin filaments as Ezrin has been
reported as the first one to be recruited to the bleb membrane, followed by actin in
blebbing reassembly [148]. How Ezrin is involved in cell polarization and mainte-
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nance of polarization is worth exploring. Furthermore, the more Ezrin T567D was
localized at the cell rear, the faster the cell migrated. These findings suggest that
the polarized Ezrin T567D distribution at the cell rear could be associated with
accelerated migration speed, by assisting the retraction of the cell body. Con-
tractility driven by the action of non-muscle myosin II (NMII) on actin filaments is
key for the generation of force required to actively retract the rear, and RhoGT-
Pase signaling is critical in determining NMII activity. Strong connection between
actin filaments and membrane at the cell back caused by Ezrin T567D could in-
crease the cortical tension, powering the cell body retraction [357]. At the same
time, in the front of cell, the connection between plasma membrane and actin
cortex is weak, which may be helpful for the formation of protrusions, such as
lamellipodium and filopodium. Because the loose connection between plasma
membrane and actin cortex may make it easier to push the membrane forward by
polymerization of actin filaments [357].
Additionally, the cell rear accumulation of active Ezrin T567D may inhibit the for-
mation of cell extensions at the cell back to maintain the front-back polarity, in-
creasing in migration persistence. Persistence characterizes the average time
between significant changes in the direction of a cell’s translocation. Processes
involving directional cell migration are essential for many fundamental biological
processes including the innate and adaptive immune systems [358], embryonic
development [359], cancer metastasis [360]. The results here showed that the ex-
pression of active Ezrin T567D enhances the directionality of migrating cells com-
pared with those of other mutants. It has been reported that mouse embryonic
fibroblasts which displayed multiple unstable and disorganized protrusions had
defects in the directional stability of migration [361]. Agree with results obtained
here, phosphorylated Moesin, another member of ERM protein, was reported to
provide a directional memory to migrating cells by preferentially accumulating at
the cell rear in chemotaxis experiments and remaining polarized even after the
removal of the chemoattractant [362].
What’s more, the way how Ezrin distributes inside the cell is also related with
cancer progression as reported by Piao et al [61] that a cell membrane staining
pattern is correlated with significant cancer metastasis. Here the results suggest
that polarized membrane staining at the cell rear with high migratory ability may
explain how Ezrin is involved in cancer metastasis.
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4.3.2 The distribution of Ezrin T567A inside the cell
Transfection with inactive ezrin T567A, which binds to the membrane but cannot
bind to actin, showed a trend to decrease the cell migration speed as compared
with wild type Ezrin, even though there was no statistically significant difference.
Transfection of Ezrin T567A in 2C4 fibrosarcoma cells was reported to show a
decrease in cell migration and a significant loss of persistence of the wound clo-
sure response [29]. It is possible that the effect of Ezrin T567A on cell migration
differs in cell types.
Interestingly, the results showed that inactive Ezrin T567A accumulated around
the cell nucleus, forming a ring. As Ezrin T567A has an impaired ability to bind to
cell membrane and actin filament, it was supposed to stay in the cytoplasm evenly.
The nuclear-surrounding distribution suggests that Ezrin has other functions as
inactive state in the cytoplasm, such as connecting the nucleus. It has been re-
ported that the lack of nucleus deformability limits migration speed through 3D
tissues [363]. The surrounding Ezrin T567A may work as a supporter of the nu-
clear during cell migration, resulting in reduced migration speed. It has also been
reported that expression of Ezrin T567A in C2C12 cells results in a decrease in
nuclear translocation of β-DG (β-Dystroglycan) which is an integral plasma mem-
brane receptor, concomitant with a reduction of actin-rich cell surface protrusions
[364]. In addition, it has been revealed that cervical cancer patients displaying
perinuclear Ezrin localization patterns have longer survival time than those with
a more diffuse cytoplasmic Ezrin localization [71]. Therefore, it is possible that
the role played by inactive Ezrin T567A during cell migration could be associated
with the nucleus, by limiting the movement of nuclear to slow down the whole cell
migration. Similar to results of Ezrin T567D, cells migrated faster when inactive
Ezrin T56A was preferentially localized behind the nucleus near the cell rear.
Another possible explanation of these observations is that transfected Ezrin
T567A distributes uniformly in the cytoplasm but with a higher thickness. Due
to the limitations of epifluorescence microscope used in this experiment, the im-
ages display the sum of all the signals in the cell instead one layer of the cell. A
laser scanning confocal microscope might be used to obtain a stack of images to
identify how Ezrin T567A distributes inside.
Ezrin T567A, where the threonine residue at 567 is mutated to alanine, is phos-
phodeficient, which is thought to be constitutively inactive. As Ezrin T567A was
reported to be poorly associated with the cytoskeleton, forming oligomers in vivo
[365]. It also has been reported that Ezrin T567A inhibited RhoA-mediated con-
tractility and focal adhesion formation in NIH 3T3 cells [366]. However, Yonemura
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et al reported that Ezrin T567A was recruited to microvilli and ruffling membrane
after EGF (epidermal growth factor) stimulation in serum-starved A431 cells [367].
Ezrin in the closed conformation was reported to be able to localize to membrane
by an exposed N-terminal binding site. However the opened phosphorylated form
of Ezrin is more readily cosediments with actin filaments and bind more tightly to
membrane than the closed formsa [368]. This may be because phosphorylation is
not required for activation of Ezrin but required for the rapid turnover of activated
and inactivated Ezrin in normal biological functions. Ezrin T567D, the phospho-
mimetic mutant, is more dynamic, so that a small fraction of the mutants is in the
“open” conformation for a long enough time period to be competent to bind to
other proteins. This is why cells expressing Ezrin T567D migrate faster than cells
expressing wild type Ezrin and Ezrin T567A.
4.3.3 FERM domain had no effect on migration
Truncated Ezrin, FERM domain, which only comprises N-terminal of the protein,
has been used to generated dominant negative effects [369]. It has been as-
sumed that expression of FERM domain could inhibit the functions of all ERM
proteins in connecting to plasma membrane because of the high degree of con-
servation of this domain between the ERM proteins. However, it remains unclear
whether the inhibition effect would spread to all functions [35], such as cell mor-
phology, cellular distribution and cell migration.
The signal of FERM domain is found to distribute all around the cells, even in the
nucleus, which is agreed with other report that transfection with a cDNA encoding
approximately 55 kDa of the ezrin N-terminus (N-ezrin) showed that it can translo-
cate to the nucleus [369]. Analysis of FERM domains using web-based software
reveals that the majority of these contain potential nuclear export signals (NESs)
and some also contain nuclear localization signals (NLSs), which could explain
the nuclear distribution of FERM domain [370]. This also suggests that FERM do-
mains may be involved in the transfer of information between the cell cortex and
the nucleus. The effects of FERM domain on cell migration has been investigated
by other researchers. Transfection of FERM domain was reported to decrease
cell migration in MDA-MB-232 breast cancer cells [49] and LLC-PK1 epithelial
cells [371]. However the results here showed that the expression of FERM do-
main had little impact on cell migration in NIH 3T3 fibroblast cells. The different
inhibition effects may be to the cell type used.
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4.4 Summary
Together, this chapter demonstrated that transfection of active Ezrin T567D en-
hanced cell migration, with more proteins concentrated at the cell rear. Other
Ezrin mutants, Ezrin T567A and FERM domain, had negligible effect on cell mi-
gration but they had their own distribution patterns inside the cells. Main changes
due to different Ezrin mutations during cell migration are summarized in Table 4.1.
Table 4.1: Summary of main changes due to different Ezrin mutations during cell
migration in this study. (+) indicates significant increase, (-) indicates significant
decrease and (=) indicates no significant changes.
Biophysical parameter T567D T567A FERM
Migration velocity + = =
Migration directionality + = =
Rear localization + = =
Polarized distribution + + =
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Effects of Ezrin and its mutants on
cell mechanical properties
5.1 Introduction
In the previous chapter, the effects of Ezrin and its mutants on cell migration
were compared, revealing that transfection of active Ezrin T567D increased cell
migration speed. The promotion effect was correlated with its localization inside
the cell during migration. While the other two mutants, inactive Ezrin T567A and
FERM domain had negligible influence on cell migration. During migration, cells
not only undergo molecular changes but also mechanical modulation. This latter
process is regulated by cell cytoskeleton serving as backbone of intracellular force
and converts external mechanical signal via focal adhesion complex into the cell
[372]. Cell mechanical properties are closely related to many important biological
behaviors of cells. In particular, cell stiffness, one of the mechanical properties,
has been reported to be related with the motility of cells. For example, MGF-
C25E, a synthetic mechano-growth factor, is reported to promote rate tenocyte
migration by lessening cell stiffness and increasing pseudopodia formation via
focal adhesion kinase (FAK)-extracellular signal regulated kinase1/2 (ERK1\2)
signaling pathway [373]. Inhibition of phosphatase and tensin homolog deleted
on chromosome 10(PTEN), a dual phosphatase, also promotes cell migration in
the wound healing assay by decreasing cell stiffness near the wound edge [374].
More importantly, cell stiffness has been found to be associated with the migration
capability of cancer cells, especially cancer metastasis. Most studies showed that
cancer cells with higher metastatic ability are usually softer than the counterparts
[375, 376]. Based on the distinctions between cancer cells and healthy cells,
cell stiffness is suggested to be a diagnostic marker for cancer progression in
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the clinic. The aim of this chapter is to determine the mechanical changes (i.e.
stiffness, adhesion, and viscosity) of cells transfected with different Ezrin mutants
by using AFM.
5.2 Results
5.2.1 Comparison of stiffness
Surface topography and stiffness map of the scanned area were analyzed by
JPK data processing software (Figure 5.1). From Figure 5.1B, it shows that area
around the nucleus are taller than the periphery. Also Figure 5.1C shows that
area around the nucleus are much softer than the periphery. This is consistent
with other reports that the Young’s moduli of the areas over the nucleus were
much smaller than those of the cell peripheries [377].
Figure 5.1: AFM measurements of a cell transfected with Ezrin T567A. A. Fluo-
rescent image of a cell transfected with Ezrin T567A; B. Height image of the cell;
C. Elasticity map of the cell. B and C are specular images of A
Next, the algorithms written in Matlab were used to analyze all the force curves
got from the experiment. The force curves include the force curves indented on
the bare surface of petri dish which could be used to calculate the sensitivity, and
force curves indented on the cells. The output results contained the whole cell
stiffness, as well as the stiffness of the cell cortex and the underlying cytoskele-
ton. When assessing the whole cell stiffness, only inactive Ezrin T567A was found
to have the ability to stiffen the cell compared with wild type Ezrin (Figure 5.2A).
During the AFM experiment, as the tip indented on the cell, the first organization
it contacted with was the actin cortex, which is just underneath the plasma mem-
brane with a thickness of about 200 nm [378]. With the tip approaching further
down, the cytoskeleton under the cortex was indented (Figure 5.2B). According to
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the depth sensing analysis of the force curve, cortical stiffness and cytoskeleton
stiffness could be obtained from the same force curve [340]. When comparing
Figure 5.2: The effect of Ezrin mutants on cell stiffness. NIH 3T3 cells were
transfected with wild type Ezrin (red), Ezrin T567D (green), Ezrin T567A (blue) or
FERM domain (cyan). Transfected cells were used for AFM experiment. A. Depth
sensing analysis of the force curve according to the indentation depth. Box plots
show the results of whole cell stiffness (B), cortical stiffness (C), cytoskeleton
stiffness (D). Box plots extend from the 10th to the 90th percentile, whiskers from
the 5th to the 95th. For AFM experiment, n=125 (Ezrin), n=115 (Ezrin T567D),
n=89 (Ezrin T567A), n=74 (FERM) analyzed cells. Asterisks indicate a statistical
difference (* p<0.05, ** p<0.01, *** p<0.001, obtained using Dunnett test against
wild type Ezrin).
cortical and cytoskeleton stiffness, it shows that the expression of active Ezrin
T567D leads to a decrease in cortical stiffness (Figure 5.2C). While both active
Ezrin T567D and inactive Ezrin T567A have the ability to stiffen the cytoskeleton
in comparison to wild type Ezrin (Figure 5.2D) with Ezrin T567A increasing the
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stiffness more significantly. On the other hand, it shows that dominant negative
FERM domain had no significant effect on cell stiffness, neither the whole cell
stiffness nor the stiffness of cortex and cytoskeleton (Figure 5.2).
5.2.2 Comparison of adhesion force and adhesion work
The force–distance curves acquired in AFM indentations of live cells often contain
tip-cell adhesion forces. Adhesion force can be directly visible on the retracting
force curve as occurrence of negative values of externally applied force, which in-
dicates an external force that acts to detach the tip from the cell. Tip-cell adhesive
force appears in both approaching and retracting parts of the force–displacement
curves measured in cell indentations, favoring tip displacement during approach-
ing and opposing it during retracting. As a function of the nano-mechanical prop-
erties of the existing cellular surface adhesive molecules, adhesion force could
be obtained from the measurement. After the AFM tip was brought into contact
with and indented the cell surface, rupture events occurred during tip retraction
from the cell surface, revealing the general tip-cell surface adhesion interactions
special to each cell type. The analysis of the adhesion forces revealed that cells
transiently transfected with inactive Ezrin T567A and dominant negative FERM
domain have significantly lower adhesion force (Figure 5.3A). Adhesion work,
which defined as the energy per unit of surface area required to separate two
bodies, is also measured in this study. The results show that Ezrin T567A and
FERM domain also have lower adhesion work (Figure 5.3B). However, transfec-
tion of active Ezrin T567D has little effect on adhesion force and adhesion work
(Figure 5.3).
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Figure 5.3: The effect of Ezrin mutants on adhesion force and adhesion work.
Box plots show the results of adhesion force (A) and adhesion work (B). Box plots
extend from the 10th to the 90th percentile, whiskers from the 5th to the 95th. For
AFM experiment, n=125 (Ezrin), n=115 (Ezrin T567D), n=89 (Ezrin T567A), n=74
(FERM) analyzed cells. Asterisks indicate a statistical difference (*** p<0.001,
ns, no significant difference, obtained using Dunnett test against wild type Ezrin).
5.2.3 Comparison of viscosity
Lastly, another parameter, viscosity, was compared, between cells with differ-
ent transfection. Based on the hysteresis between the approach and retraction
curves, the apparent viscosity of the cells was calculated. As cells are complex
viscoelastic materials, their viscous response plays an important role during AFM
indentation. The viscosity of cytoplasm is commonly related with the kinetics of
actin filament network turnover which includes polymerization, depolymerization,
crosslinking and bundling. Surprisingly, cells expressing inactive Ezrin T567A
showed decreased viscosity compared with wild type Ezrin (Figure 5.4). On
the other hand, active Ezrin T567D which displayed decreased cortical stiffness
shows no significant effect on cell viscosity, as in the same case with dominant
negative FERM domain.
In summary, the analysis from AFM measurements shows that transfection of ac-
tive Ezrin T567D promotes cell motility, and at the same time, shows decreased
cortical stiffness and increased cytoskeleton stiffness. Conversely, inactive Ezrin
T567A and FERM domain have little effect on the migration and mechanical prop-
erties apart from Ezrin T567A increasing the cytoskeleton stiffness.
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Figure 5.4: The effect of Ezrin mutant on viscosity. Box plots extend from the 10th
to the 90th percentage, whiskers from the 5th to the 95th. For AFM experiment,
n=125 (Ezrin), n=115 (Ezrin T567D), n=89 (Ezrin T567A), n=74 (FERM) ana-
lyzed cells. Asterisks indicate a statistical difference (** p<0.01, ns no significant
difference, obtained using Dunnett test against wild type Ezrin).
5.3 Discussion
5.3.1 Ezrin T567D showed decreased cortical stiffness and in-
creased cytoskeleton stiffness
In this chapter, the mechanical effects of transfection of Ezrin and its mutants
were investigated by using AFM. Firstly, the whole cell was chosen to scan in-
stead of area over the nucleus. Because the nucleus is the largest and stiffest
organelle in cells. Most of the previous experiments performed by AFM were cho-
sen to be located over nucleus [2]. However, as shown in the presented results,
the peripheral regions were stiffer than the central regions of cells [379]. Even
using common settings of AFM procedures with less than 5 nN contact forces
and approximately 200-500 nm indentation depth will not stay in contact with the
nucleus. As a result, the stiffness of around the nucleus only contributes part of
the global stiffness since the cell is nonuniform in nature.
Given that the role of Ezrin is as linker between the membrane and the actin cor-
tex, the stiffness of actin cortex and cytoskeleton of the transfected cells were
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compared separately. Because actin cortex and cytoskeleton have their own
biomechanical functions. Complete and comparative studies of cytoskeleton in-
tegrity have already demonstrated that two types of actin filaments are pivotal in
the determination of cell mechanical properties, cortical actin filaments and stress
fibers. Because increase microtubule polymerization by Paclitaxel or disruption
of microtubule structures by Colchicine had little effect on cell stiffness [380, 381].
The cell cortex plays an important role in cell shape changes during movement
[382]. On the other hand, cytoskeleton, mainly stress fibers which are bundles of
actin filaments, provides force for cell migration [383]. The findings of this study
demonstrated that cells transfected with active Ezrin T567D showed lower cortical
stiffness but higher cytoskeleton stiffness. This result might be explained by the
observation of last chapter, the polarized Ezrin T567D distribution pattern. Ezrin
T567D was concentrated at the cell rear during migration, which indicated that the
connection between the membrane and cell cortex is weakened at the cell front
and strengthened at the cell back. This polarized distribution pattern may result
locally enhanced rigidity of cell cortex but overall decreased cortical stiffness. It
has been reported that T567E Ezrin expression in T-lymphoblasts resulted in in-
creased membrane tension due to increased actin-membrane linkage measured
by optical tweezers [353]. The different findings about cortical stiffness might
be due to the techniques used because optical tweezers only measure subcellu-
lar mechanical properties instead of overall cell stiffness. Because Ezrin T567D
displayed polarized distribution in transfected cells, which in turn may result in po-
larized cell functions and cell mechanical properties. The softness of actin cortex
detected in the results may be responsible in determining the deformation capa-
bility of cells during migration. The formation of protrusions is suppressed in cell
rear, which would allow or possibly even promote localized protrusion formation in
the front where T567D Ezrin is lacking. On the other hand, the increased stiffness
of cytoskeleton in Ezrin T567D transfected cells as shown in the results, might re-
sult from the polymerized stress fibers, which in turn promoted cell migration.
Altogether, different effects of Ezrin T567D on cortical stiffness and cytoskeleton
stiffness revealed distinct functions of actin cortex and cytoskeleton during cell
migration.
Cancer is characterized by a malfunctional behavior of cells that undergo un-
controlled division, and disrupt healthy body tissues. Some important biome-
chanical characteristics of cancer cells are their enhanced softness compared to
non-malignant ones [384, 385, 341]. Ward et al used the micropipette aspiration
technique to investigate the deformation properties of transformed rat fibroblasts
derived from non-tumorigenic cell lines [386]. They pointed out a direct correla-
tion between an increase in deformability and progression of the transformed cells
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from non-tumorigenic into tumorigenic metastatic cells. Lekka et al used AFM to
quantify the elasticity of non-malignant and cancerous epithelial cells from the
human bladder [387]. They showed that the stiffness of cancer cells is about one
tenth that of normal cells. Even though NIH 3T3 cells are not cancer cell types,
the results also show that cells expressing Ezrin T567D exhibiting high migratory
ability have weaker membrane-actin cortex connection. Together, these suggest
that their mechanical disorder and motility may be fundamental features of the
architecture of cancer cells.
Compared with wild type Ezrin, Ezrin T567A showed the ability to increase the
whole cell stiffness, which might result from increased cytoskeleton stiffness as
there is no effect on cortical stiffness. While FERM domain had effect on neither
on cortical stiffness nor cytoskeleton stiffness. Interestingly, it has been reported
that suppression Ezrin expression by siRNA in confluent MDCK II cells showed
dropped membrane tension by 40% [32]. The different effects on cortical stiff-
ness may be explained as followings: firstly, single NIH 3T3 cells were measured
instead of confluent MDCK II cells because neighbour cells would affect mea-
sured cell’s mechanical properties [388]; secondly, unlike siRNA, Ezrin T567A
and FERM domain also has some active fragments which may have other biolog-
ical functions.
5.3.2 Ezrin T567A and FERM domain showed decreased ad-
hesion values
The adhesion force is determined as the derivative of the adhesion energy of the
tip-cell contact, as the adhesion energy and contact area are considered to be
continuously varying during the indentation. From the retraction part, adhesion
force can be measured directly. Many of the AFM studies of the adhesion refer
to values of the adhesion force, which is measured as the external pulling force
required to detach the tip from the sample [389, 390]. A number of studies have
implicated ERM proteins in the regulation of cell-cell and cell-matrix adhesion.
Ezrin T567D expression has been reported to inhibit E-cadherin–dependent cell-
cell junction assembly, by translocating E-cadherin from the plasma membrane
to cell cytoplasm in epithelial cells [46]. What’s more, it has been reported that
the non-specific cell-surface adhesion of metastatic tumor cells which showed
decreased stiffness compared with the benign cells is significantly less than that
of the normal cells [391]. Here, agreed with other reports, lower but not significant
adhesion forces for T567D transfections were observed in this study. The less
significance may be explained by our measurement methods which average the
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mechanical properties. The adhesion forces is polarized distributed like Ezrin
T567D. Another possibility is that fibroblast cells do not form much cell adhesion
as they can migrate freely.
On the contrary, the results showed that inactive Ezrin T567A transfection which
resulted in increased cell Young’s modulus, showed decreased adhesion force
instead. Furthermore, transfection of FERM domain which had no significant ef-
fect on cell stiffness also decreased adhesion force. It indicates a less strong
relationship between cell stiffness and adhesion force. Regarding to the domi-
nant negative FERM domain, the results showed that it had little effect on cell’s
mechanical properties, except reduced adhesion force and adhesion work.
Another parameter, adhesion work, was used in this study too, as it is very difficult
to compare the results of adhesion force from different studies because the values
of the adhesive force depend on the size and geometry of the tip. When the
adhesion is generated by the interactions of large number of molecules at the
region of contact between the tip and live cell, adhesion work becomes a more
suitable parameter [392]. Again, similar effects of Ezrin T567D, Ezrin T567A and
FERM domain on adhesion work were observed. Compared with wild type Ezrin,
transfection of Ezrin T567D had lower but not significant adhesion work, while
transfection of Ezrin T567A and FERM domain resulted in lower adhesion work.
5.3.3 Expression of Ezrin T567A reduces apparent viscosity
A previous report by Griffith and Pollard demonstrated that actin filaments have
viscosity properties that are at least five times larger than those of microtubule,
which means higher concentrations of actin will result in higher viscosity re-
sponses of the whole cell body [393]. Triggerred actin polymerization by high
concentrations of colchicine have been reported to increase cell cortical tension
as well as cellular viscosity in neutrophil cells [380]. What’s more, the apparent
viscosity of cells is used to determine the disease state of cells. It has been
reported that cancer cells with high metastasis ability are tending to have lower
elasticity modulus and apparent viscosity at the same time in comparison to nor-
mal cells [394]. Therefore, viscosity is also considered to be another hallmark for
cancer progression. Different from other reports, results here demonstrated that
Ezrin T567D which had decreased cortical stiffness and increased cytoskeleton
stiffness showed little effect on apparent viscosity. Again these observation may
rise from the polarized distribution of Ezrin T567D which result in polarized actin
filament distribution in NIH 3T3 cells. Interestingly, Ezrin T567A expression had
the ability to increase cell stiffness but at the same time decrease the apparent
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viscosity. Organization of cell cytoskeleton affected by Ezrin mutant assessed in
next chapter may explain these results. Otherwise, explore the effects of inter-
ruption of actin polymerization by drugs, like Cytochalasin D which binds to actin
filaments or latrunculin A which binds to monomer actin, in transfected cells.
5.4 Summary
Together, mechanical properties were tested by AFM on cells expressing Ezrin
and its mutants. It showed that Ezrin T567D had increased cytoskeleton stiffness
and decreased cortical stiffness. Ezrin T567A is able to strengthen cytoskeleton
but decrease viscosity and adhesion strength. At last, FERM domain had little
effect. Mechanical changes due to different Ezrin mutations are summarized in
Table 5.1.
Table 5.1: Summary of mechanical changes due to different Ezrin mutations in
mechanical properties measured in this study. (+) indicates significant increase,
(-) indicates significant decrease and (=) indicates no significant changes.
Biophysical parameter T567D T567A FERM
Cortical stiffness - = =
Cytoskeletal stiffness + + =
Viscosity = - =
Adhesion strength = - -
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Effects of Ezrin and its mutants on
cell cytoskeleton
6.1 Introduction
In the previous two chapters, the effects of transfection of Ezrin and its mutants
on cell migration and cell mechanical properties were investigated. The results
showed that active Ezrin T567D could enhance cell migration with its polarized
cell rear distribution. In addition, AFM results demonstrated that transfection of
Ezrin T567D softened the cell actin cortex but stiffened the cytoskeleton. As
introduced before, Ezrin is a linking protein between cell membrane and actin
cytoskeleton, changes in cell migratory capability and mechanical properties by
Ezrin mutants should be related to actin conformation changes, which then af-
fects cell migration and mechanical properties. Stella Hurtley pointed out in her
1998 editorial for Science that ”Changes in the cytoskeleton are key, and even di-
agnostic, in the pathology of some diseases, including cancer” [395]. This means
that all the changes observed in cell migration and cell mechanical properties
could be explained by the changes in cell cytoskeleton. Because cytoskeleton
not only spatially organizes the contents of the cell, but also connects the cell
physically and biochemically to the external environment. What’s more, it gen-
erates coordinated forces to enable the cell to move and change shapes [396].
Actin filaments, microtubules and intermediate filaments are three main types of
cytoskeleton in cells. Among them, actin filaments have drawn the most attention
due to their multiple cellular roles as well as their relationship with Ezrin. Dur-
ing cell migration, the formation of protrusions at the cell leading edge is driven
by polymerization of actin filaments with two structures, filopodium and lamel-
lipodium. Even though actin filaments are not the most rigid cytoskeleton, the
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presence of high concentrations of actin binding proteins that bind actin filaments
promotes the assembly of highly organized and stiff structures, which makes actin
filament primarily responsible for cell stiffness. Ezrin is one of the actin binding
proteins. Once activated, Ezrin is able to bind to actin filaments through its C-
terminal domain. Through this connection, Ezrin regulates the formation of apical
membrane structure. The whole cytoskeleton, actin filaments, microtubules and
intermediate filaments work together to support normal cellular functions. So
it was hypothesized that changes in the assembly of one particular cytoskele-
ton network will appear alongside with changes in assembly of all other networks
[345]. As the three cytoskeleton could crosstalk through physical interaction or bi-
ological connection [286], it is thus of great significance to explore the changes of
microtubules and intermediate filaments caused by Ezrin and its mutants. There-
fore, the aim of this chapter is to investigate the effects of Ezrin and its mutants
on cell cytoskeleton, including actin filaments, microtubules and vimentin, and
find out how Ezrin regulates cell behaviours through the cytoskeleton. Vimentin,
expressed mostly in normal fibroblast cells, was used in this study as intermediate
filament. Moreover, nuclear properties were investigated at the same time.
6.2 Results
6.2.1 Ezrin antibody
Ezrin antibody was used to examine the distribution of the endogenous and ex-
ogenous Ezrin in transfected cells. Figure 6.1 shows that the signals of GFP and
Ezrin antibody are overlapped. Also, Ezrin signal for non-transfected cells was
found to be not strong enough to be visualized maybe due to the low exposure
time and strong transfection signal. On the other hand, through the DAPI chan-
nel, the non-transfected cells near the transfected cells could be identified. A
previous study using a similar transfection strategy but a different cell line stated
that the expression levels of exogenous ezrin are at least an order of magnitude
larger than those of endogenous ezrin, thus likely ruling out the fact that the en-
dogenous protein may have a strong influence on the observed behavior after
transfection [35]. Altogether, the results indicate that in transfected NIH 3T3 cells,
the amount of exogenous Ezrin is much larger than that of endogenous Ezrin.
The Ezrin antibody bought from SantaCruz was raised against amino acids from
362 to 585. And FERM domain only contains the first 300 amino acids in the
N-terminal domain. Therefore, in cells expressing FERM domain, this antibody
138
Chapter 6
was not able to recognize the transfected FERM domain.
Figure 6.1: Fluorescent images of transfected cells co-stained with Ezrin antibody
and DAPI. Left: transfected cells expressing Ezrin mutants coupled with GFP; 2nd
column: Ezrin stained with Ezrin antibody; 3rd column: cell nuclear stained with
DAPI; right: merged images for the three channels. Scale bar: 50 µm.
Next the fluorescent images of transfected cells for both GFP and Ezrin stain-
ing channels were analyzed for the quantification of the amount of exogenous
Ezrin and total amount of Ezrin expressed inside the cells. Instead of comparing
population averages, single-cells data according to exogenous Ezrin expression
were pooled together. Total Ezrin expression as a function of Ezrin transfection
was plotted (Figure 6.2). By fitting the plot, the amount of exogenous wild type
Ezrin relative to endogenous Ezrin was estimated to be about 6-fold from the
quantification, 8-fold for active Ezrin T567D relative to endogenous Ezrin and 18-
fold for inactive Ezrin T567A. In agreement with the immunostaining results, cells
expressed much larger amount of exogenous Ezrin than endogenous Ezrin.
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Figure 6.2: Comparison of transfected Ezrin with total Ezrin. Plots show the re-
lationship between transfected wild type Ezrin (A), active Ezrin T567D (B) and
inactive Ezrin T567A (C), and the total Ezrin including endogenous and exoge-
nous Ezrin from antibody results. Values for more than 20 cells were pooled to
compute each individual data point. Data is on a logarithmic scale with base 10
and presented as geometric mean, while error bars indicate interquartile range
(Q1–Q3). Fit lines correspond to a linear model. Endogenous Ezrin intensity is in-
tercept of the equation when exogenous Ezrin is not expressed. Exogenous Ezrin
intensity is calculated by mean of total Ezrin intensity subtracted by endogenous
Ezrin intensity.
6.2.2 The effect of Ezrin mutants on cell morphology
As shown previously that different Ezrin mutants were associated with different
intracellular localization. Here the focus is to understand the effect of this local-
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ization on cell morphology and actin cytoskeleton. To achieve that in this study,
transfected NIH 3T3 cells were seeded at very low density in unrestricted spread-
ing condition and then immunostained with phalloidin. Fluorescent images of
channels for Ezrin mutants, the actin cytoskeleton and cell nucleus were taken by
epifluorescence microscope as shown in Figure 6.3. The intracellular distribution
patterns of Ezrin and its mutants are in line with those previously measured in
the migration experiments (Figure 6.3). Active Ezrin T567D is polarized concen-
trated on the cell membrane, which appears to be at the cell rear. When moving
to actin filament signal, the concentrated Ezrin T567D is found to be colocal-
ized with actin filaments. Conversely, wild type Ezrin and inactive Ezrin T567A is
found to be localized in the cytoplasm with some more wild type Ezrin and Ezrin
T567A concentrated around the nucleus. It is possible when Ezrin is inactive, it
has other functions related to nucleus. Or, the nuclear distribution may be due to
the limitations of Epifluorescence microscope that the total signals of the cell are
displayed. Interestingly, it is obvious that signals of actin filaments are quite weak
at the places where wild type Ezrin and Ezrin T567A concentrate, which suggests
that like inactive Ezrin T567A, wild type Ezrin in the cytoplasm was not activated.
On the other hand, FERM domain is found to be distributed throughout the whole
cytoplasm even inside the nucleus.
Next, the fluorescent images were analyzed by our quantification pipeline, which
can output information about cell morphology and actin fiber organization. Fig-
ure 6.4 illustrates the comparison of three morphological parameters, cell area
(Figure 6.4A), aspect ratio (Figure 6.4B) and stellate factor (Figure 6.4C), respec-
tively, in cells transfected with Ezrin and its mutants. Firstly, it can be observed
that transfection of active Ezrin T567D and FERM domain reduces the cell areas,
while transfection of inactive Ezrin T567A has no significant effect on cell size
(Figure 6.4A). Secondly, compared with wild type Ezrin, all the Ezrin mutants are
able to increase cell aspect ratio, with FERM domain being the most significant
one (Figure 6.4B). Furthermore, cells transfected with Ezrin T567D, Ezrin T567A
and FERM domain all have larger stellate factor (Figure 6.4C) than the control,
which reflects the tendency of cells to extend protrusions such as blebs, lamellipo-
dia or filopodia. In summary, these results have clearly shown that transfection of
all Ezrin mutants affects cell morphology but at various levels.
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Figure 6.3: The effect of Ezrin and its mutants on cell morphology. Fluorescent
images of transfected cells subsequently stained with phalloidin and DAPI. Left:
transfected cells expressing Ezrin mutants coupled with GFP or RFP; 2nd column:
actin filament stained with phalloidin; 3rd column: cell nucleus stained with DAPI;
right: merged images for the three channels. Scale bar: 50 µm.
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Figure 6.4: Effect of Ezrin and its mutants on cell morphology parameters. Box
plots show the results of cell area (A), aspect ratio (B) and stellate factor (C).
n=420 (Ezrin), n=496 (Ezrin T567D), n=1235 (Ezrin T567A), n=562 (FERM) cells
were analyzed. Asterisks indicate a statistical difference (* p<0.05, ** p<0.01, ***
p<0.001, as obtained using Dunnett test against wild type Ezrin).
6.2.3 The effect of Ezrin mutants on actin cytoskeleton
Single-cell data of different transfection was pooled together and the parame-
ters related to actin cytoskeleton organization were compared at the population
level. On the whole, the results clearly show that the Ezrin mutants not only af-
fect the properties of actin filaments (Figure 6.5) which is related to fiber amount
and shape, but also change the micro-organization of actin filaments (Figure 6.6)
which is the relative positioning of the actin filaments within cells.
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Transfection with active Ezrin T567D only induces thicker actin fibers (Figure
6.5D), but has no significant effect on other parameters. On the other hand, cells
transfected with inactive Ezrin T567A promotes actin filament assembly (Figure
6.5A), and at the same time, elongates the fiber length (Figure 6.5B). It is worth
noting that cells expressing FERM domain have larger impact on actin filaments
compared with the results of cell migration and mechanical properties. Even
though it did not change the amount of the assembled actin filaments, FERM
domain promotes actin filaments organizing into longer and thicker fibers.
Then moving to the results for actin filament micro-organization, compared with
wild type Ezrin, Ezrin mutants also have different effects. Firstly, actin fiber in
active Ezrin T567D transfected cells is more spread (Figure 6.6A), with the fiber
peak locating near the nucleus (Figure 6.6D). On the other hand, inactive Ezrin
T567A has little effect on actin filament micro-organization except from fiber chi-
rality. Figure 6.6E shows that the value of chirality measurement is close to 90◦,
meaning that actin filaments are oriented parallel to the cell edge. Similar with the
actin filament properties results, transfection of FERM domain changes the actin
filament micro-organization dramatically as well. Cells transfected with FERM do-
main have more spread actin fibers (Figure 6.6A), with the peak near the nucleus
(Figure 6.6D). What’s more, actin filaments are organized more aligned (Figure
6.6B) and oriented parallel to the cell edge (Figure 6.6E). In summary, this data
evidences that transfection of Ezrin mutants has a great impact on both the prop-
erties and micro-organization of actin filaments.
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Figure 6.5: Effect of Ezrin and its mutants on actin filament properties. Box plots
show the results of total actin fiber intensity (A), fiber length (B), variability in fiber
length (C), fiber thickness (D) and variability in fiber thickness (E). n=420 (Ezrin),
n=496 (Ezrin T567D), n=1235 (Ezrin T567A), n=562 (FERM) cells were analyzed.
Asterisks indicate a statistical difference (* p<0.05, ** p<0.01, *** p<0.001, as
obtained using Dunnett test against wild type Ezrin).
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Figure 6.6: Effect of Ezrin and its mutants on actin filament organization. Box
plots show the results of fiber spread (A), alignment (B), curvature (C), location
of fiber peak (D), chirality (E) and variability in chirality (F) . n=420 (Ezrin), n=496
(Ezrin T567D), n=1235 (Ezrin T567A), n=562 (FERM) cells were analyzed. Aster-
isks indicate a statistical difference (* p<0.05, ** p<0.01, *** p<0.001, as obtained
using Dunnett test against wild type Ezrin).
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6.2.4 The effect of Ezrin mutants on tubulin cytoskeleton
Having estimated the detailed influence of Ezrin mutants on cell morphology and
actin filaments, the role of Ezrin mutants on microtubule networks is then investi-
gated. By replacing phalloidin staining with antibody against tubulin, transfected
cells were stained with microtubules as shown in Figure 6.7. Unlike the effects
on actin filaments that every Ezrin mutant has its own actin filament structure,
microtubules were observed with similar structure regardless of different trans-
fection. The microtubules form a dense network, starting from the nuclear vicin-
ity, presumably the centrosome complex, and spreading randomly through the
cytoplasm of the cell. Due to the overlap of microtubules running in different di-
rections, microtubules of the center part are thicker and denser than those in the
periphery where individual lines are easily seen at high magnifications.
Figure 6.8 shows that effect of Ezrin and its mutants on microtubule proper-
ties. Surprisingly, transfection of active Ezrin T567D and inactive Ezrin T567A
have weak effect on tubulin fiber assembly, fiber length and fiber thickness (Fig-
ure 6.8A, B,and D), except that inactive Ezrin T567A increases the variability of
fiber length and fiber thickness (Figure 6.8C and E). On the other hand, cells ex-
pressing FERM domain exhibit distinctively with other transfection. Transfection of
FERM domain increases tubulin fiber assembly (Figure 6.8A), followed by longer
and thicker tubulin fibers (Figure 6.8B and D) as well as increased variability of
fiber length and fiber thickness (Figure 6.8C and E). These could be explained
by the fact that huge changes of actin filaments caused by transfection of FERM
domain are able to transfer to the microtubules via the crosstalk between them.
Next set of parameters describing the micro-organization of microtubules is
shown in Figure 6.9. In cells expressing active Ezrin T567D, tubulin fibers are
more spread across the cells (Figure 6.9A). Having similar effects on fiber spread
with active Ezrin T567D, inactive Ezrin T567A also has the fiber peak more closely
to the cell periphery (Figure 6.9D). Again, in consistent with the effect on micro-
tubule properties, FERM domain changes the microtubule micro-organization sig-
nificantly. Firstly, tubulin fibers in FERM domain transfected cells are more spread
and the location of fiber peak is near the cell edge (Figure 6.9A and D). Further-
more, the fibers are more aligned and the orientation of the fiber is parallel to the
cell edge with chirality value near 90◦ (Figure 6.9B and E).
In summary, these results suggest that Ezrin and its mutants also have marked
effects on microtubule microstructure. It is possibly mainly because the effects of
Ezrin and its mutants on actin filaments could extend to microtubules through the
crosstalk between the actin filaments and microtubules.
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Figure 6.7: Example images of cells transfected with Ezrin and its mutants stained
with tubulin. Left: transfected cells expressing Ezrin mutants coupled with GFP
or RFP; 2nd column: microtubules stained with tubulin antibody; 3rd column: cell
nucleus stained with DAPI; right: merged images for the three channels. Scale
bar: 50 µm.
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Figure 6.8: Effect of Ezrin and its mutants on microtubule properties. Box plots
show the results of total tubulin intensity (A), fiber length (B), variability in fiber
length (C), fiber thickness (D) and variability in fiber thickness (E). n=559 (Ezrin),
n=578 (Ezrin T567D), n=526 (Ezrin T567A), n=408 (FERM) cells were analyzed.
Asterisks indicate a statistical difference (* p<0.05, ** p<0.01, *** p<0.001, as
obtained using Dunnett test against wild type Ezrin).
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Figure 6.9: Effect of Ezrin and its mutants on microtubule organization. Box plots
show the results of fiber spread (A), alignment (B), curvature (C), location of fiber
peak (D), chirality (E) and variability in chirality (F) . n=559 (Ezrin), n=578 (Ezrin
T567D), n=526 (Ezrin T567A), n=408 (FERM) cells were analyzed. Asterisks
indicate a statistical difference (* p<0.05, ** p<0.01, *** p<0.001, as obtained
using Dunnett test against wild type Ezrin).
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6.2.5 The effect of Ezrin mutants on vimentin cytoskeleton
The effects of Ezrin mutants on one of intermediate filaments, which is vimentin,
were also explored by replacing the antibody against tubulin by antibody against
vimentin. The fluorescent images of cells transfected with Ezrin and its mutants
stained with vimentin were taken by epifluorescence microscope as shown in
Figure 6.10. Similar to the distribution of microtubules, it is obvious that vimentin
is more concentrated near the cell center than cell periphery. Maybe it is because
the 20x objective could reveal more detailed information.
Figure 6.10: Example images of cells transfected with Ezrin and its mutants
stained with vimentin. Left: transfected cells expressing Ezrin mutants coupled
with GFP or RFP; 2nd column: vimentin stained with vimentin antibody; 3rd col-
umn: cell nucleus stained with DAPI; right: merged images for the three channels.
Scale bar: 50 µm.
When assessing the vimentin fiber properties, active Ezrin T567D is found to be
able to increase the vimentin fiber length and variability in fiber length (Figure
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6.11B and C), but it has no significant effect on other parameters. Similar re-
sults are obtained for inactive Ezrin T567A (Figure 6.11). The strong influence
of dominant negative FERM domain is applicable to vimentin as well. FERM do-
main promotes vimentin fiber assembly (Figure 6.11A), followed by increasing the
fiber length (Figure 6.11B), fiber thickness (Figure 6.11D) as well as the variabil-
ity of fiber length (Figure 6.11C). As predicated, with regard to the parameters for
vimentin micro-organization, active Ezrin T567D and inactive T567A have no sig-
nificant effects (Figure 6.12), except that Ezrin T567A promotes the assembly of
more aligned vimentin fibers (Figure 6.12B) and increases the variability of chiral-
ity (Figure 6.12F). In contrast, cells expressing FERM domain have more spread
vimentin fibers (Figure 6.12 D), with increased alignment (Figure 6.12 B).
In summary, Ezrin mutants have pronounced effects on actin, tubulin and vimentin
structure, with paralleled effect, e.g. transfection of FERM domain increases the
fiber intensity of actin filament, tubulin and vimentin at the same time. It is also
suggested that all the three types of cytoskeleton have their own functions and
are not independent as they could affect one another through crosstalk.
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Figure 6.11: Effect of Ezrin and its mutants on vimentin properties. Box plots
show the results of total vimentin intensity (A), fiber length (B), variability in fiber
length (C), fiber thickness (D) and variability in fiber thickness (E). n=585 (Ezrin),
n=424 (Ezrin T567D), n=768 (Ezrin T567A), n=425 (FERM) cells were analyzed.
Asterisks indicate a statistical difference (* p<0.05, ** p<0.01, *** p<0.001, as
obtained using Dunnett test against wild type Ezrin).
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Figure 6.12: Effect of Ezrin and its mutants on vimentin organization. Box plots
show the results of fiber spread (A), alignment (B), curvature (C), location of fiber
peak (D), chirality (E) and variability in chirality (F) . n=585 (Ezrin), n=424 (Ezrin
T567D), n=768 (Ezrin T567A), n=425 (FERM) cells were analyzed. Asterisks
indicate a statistical difference (* p<0.05, ** p<0.01, *** p<0.001, as obtained
using Dunnett test against wild type Ezrin).
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6.2.6 The effect of Ezrin mutants on nucleus properties
The nucleus, as the largest and stiffest organelle in cells, is highly dynamic by bio-
logically undertaking gene transcription and duplication and mechanically chang-
ing all the time to adapt to the external environment. It is assumed that all the
changes observed outside the nucleus, such as motility ability, mechanical prop-
erties and cell cytoskeleton, could also result in changes of nuclear state. Param-
eters of nucleus have also been quantified to help understand the mechanical
connection between the nucleus and the cytoskeleton.
Figure 6.13 shows that the effects of Ezrin and its mutants on nuclear state, in-
cluding brightness, chromatin condensation, relative nuclear volume, Poisson’s
ratio and apparent nuclear stiffness. Firstly, there is no significant difference in
nuclear brightness stained with DAPI (Figure 6.13A), suggesting that all the ex-
periments were consistent regardless of different treatments. Both active Ezrin
T567D and inactive Ezrin T567A increase the chromatin condensation (Figure
6.13B). In addition, nuclear volume is significantly increased for T567D transfec-
tion, which indicates a stronger transmission of intracellular tension to nucleus
(Figure 6.13C). On the contrary, T567A and FERM transfection leads to signif-
icant reduction in nuclear volume. When assessing the Poisson’s ratio of the
nucleus, nucleus in all conditions are found to display auxetic properties, which
was significantly enhanced for Ezrin T567D transfection and reduced in Ezrin
T567A and FERM transfection (Figure 6.13D). In the end, nuclear stiffness is
compared with T567D transfection increasing nuclear stiffness and FERM trans-
fection decreasing the stiffness (Figure6.13E). Our previous work has shown that
cell spread area modulates nuclear volume and nuclear mechanical properties
[345]. However, the results obtained from this study did not follow the same trend.
The reason is not known yet but one possible explanation is that the transfection
of different Ezrin mutants has other effect that would affect nuclear state.
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Figure 6.13: Effect of Ezrin and its mutants on nuclear properties. Box plots show
the results of brightness (A), chromatin condensation (B), volume (C), poisson’s
ratio (D) and stiffness (E). n=803 (Ezrin), n=720 (Ezrin T567D), n=2153 (Ezrin
T567A), n=562 (FERM) cells were analyzed. Asterisks indicate a statistical differ-
ence (* p<0.05, ** p<0.01, *** p<0.001, as obtained using Dunnett test against
wild type Ezrin).
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6.3 Discussion
In this chapter, the effects of Ezrin and its mutants on cell morphology, three
cytoskeleton, including actin filament, microtubules and vimentin, and nuclear
properties have been investigated.
6.3.1 Ezrin plasmids were confirmed by antibody
Firstly, antibody against endogeous and exogenous Ezrin was used to confirm
the plasmids transfected in this study were correct. The results confirmed that
signals of fluorescent staining against Ezrin and transfected Ezrin and its mutants
were overlapped, which means the right plasmids were used. Also distribution
patterns of transfected Ezrin and its mutant are different from each other, with
Ezrin T567D accumulating at the cell rear, wild type Ezrin and Ezrin T567A in cell
cytoplasm and FERM domain all over the cell. If funding and time permitted, it
is better to do western blotting to ensure that all expression plasmids were not
degraded when expressed in NIH 3T3 cells. Because western blotting can not
only detect the studied protein specifically, but also output the molecular weight
of proteins in case the degradation happens. Moreover it has been reported
that cells transfected with full-length Ezrin expressing two GFP-tagged products
corresponding to full-length and endogenously cleaved forms [369]. The signal
of endogenously cleaved forms, which is the N-terminal Ezrin, is all over the cell
even in the nuclear. Same results were seen in cells expressing FERM domain.
Moreover, the statistics Ezrin revealed that cells expressed much more exoge-
nous than endogenous Ezrin. In order to exclude the effects of overexpression,
lentivirus transfection could be used to generate stable cell lines expressing Ezrin
and its mutants. Cells expressing certain amount of exogenous protein could be
selected by fluorescence-activated cell sorting (FACS). Additionally, to rule out
the possibility that endogenous Ezrin may have other effects on the experiments,
siRNA could be used to knocked out the endogenous Ezrin. Cells without en-
dogenous Ezrin are selected to transfect Ezrin and its mutants for all the tests.
6.3.2 Morphology effect of Ezrin mutant
Cell migration is fundamental to establishing and maintaining the proper organiza-
tion of multicellular organisms. Morphogenesis can be viewed as a consequence,
in part, of cell locomotion [397]. Corresponding to its high migratory ability, cells
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transfected with active Ezrin T567D exhibited elongated cell shape, which means
large aspect ratio. Also cells expressing Ezrin T567D formed more cell protru-
sions required for cell migration, like lamellipodium, which is reflected by larger
stellate factor. Cell area changes for individual cells as they migrate, with mem-
brane extensions at the leading edge and retraction of the rear cyclically increas-
ing and decreasing the spreading area [398]. On the average, a decreased cell
area was found in this study as compared with cell with less motility. Another rea-
son for the decreased cell area is that phosphorylated Ezrin inhibit cell adhesion,
reducing the spreading area [399]. On the contrary, even though cells transfected
with inactive Ezrin T567A and FERM domain have larger aspect ratio and stellate
factor, it is still an indication of global weakening of the cortex-membrane connec-
tion. Because cells expressing Ezrin T567A could form cell protrusions moving
at same place as shown previously but they did not polarize to form leading edge
for migration. Cells expressing FERM domain prefer to form filopodia instead of
lamellipodium.
6.3.3 Ezrin T567D moderate strengthens the cytoskeleton
Alterations in the biomechanical properties and migrating ability of cells have
been correlated with changes in their organization of cytoskeleton. Results of
effects of Ezrin mutant on cytoskeleton closely paralleled the results of migration
and mechanical properties. The main effects of Ezrin T567D and Ezrin T567A on
cell migration, cell mechanical properties and cell cytoskeleton are summarized
in Figure 6.14 and Figure 6.15.
Firstly, all the results suggest that active Ezrin T567D has moderate impact on
cell cytoskeleton in comparison to wild type Ezrin, such as same total actin fiber
intensity, increased actin fiber thickness, more spread actin and tubulin fibers, and
increased vimentin fiber length. The hypothesis is that moderate strengthened
the cytoskeleton would promote cell migration as cytoskeleton is needed in cell
migration. However, like cells transfected with inactive Ezrin T567A and FERM
domain, huge strengthened cytoskeleton would result in slow migration as the
turnover speed would reduce for longer and thicker fibers. What’s more, cells
treated with Cytochalasin D or Jasplakinolide resulting in disassembled stress
fibers or stabilized stress fibers are reported to display impaired migration ability
[400, 401].
Our group has reported the relationship between cell stiffness and stress fiber
amount, revealing that a strong correlation between stress fiber amount and stiff-
ness of the cytoskeleton. The spatial distribution of stress fiber, such as fiber
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location, alignment and fiber thickness, had weaker effect on cell stiffness [338].
Agreed with this report, the amount of actin stress fiber in cells expressing Ezrin
T567A is significantly higher than that of wild type Ezrin, which corresponds to
results of increased whole cell stiffness and cytoskeleton stiffness in last chap-
ter. Even though Ezrin T567D and FERM domain has different effects on the
organization of actin filaments, the influence on the cell stiffness is different, with
increased cytoskeleton stiffness in Ezrin T567D expressing cells and no effect
in FERM domain expressing cells. The transfection of Ezrin T567D resulted in
actin fiber peak towards the cell center, which might be another explanation on
the decreased cortical stiffness.
Figure 6.14: Effect of Ezrin T567D on cell’s function. The main effects of Ezrin
T567D on cell migration, cell mechanical properties and cell cytoskeleton are
summarized and the potential molecular pathways are indicated in the orange
boxes.
It has been reported that the amount of tubule fiber, or disruption or chemical
stabilization of tubule fiber has no effect on cell elastic properties [338, 381]. The
results in this study show that transfection of FERM domain increases the micro-
tubule fiber intensity, makes the fiber longer, thicker and more aligned. However,
these effects don’t extend to cell mechanical properties, without changing cell
stiffness.
159
Chapter 6
Figure 6.15: Effect of Ezrin T567A on cell’s function. The main effects of Ezrin
T567A on cell migration, cell mechanical properties and cell cytoskeleton are
summarized and the potential molecular pathways are indicated in the orange
boxes.
6.3.4 FERM domain affects cytoskeleton organization signifi-
cantly
The most interesting results were from the cells expressing FERM domain, as
FERM domain was reported to compete with endogenous ERM proteins for PIP2
binding and act as a dominant negative Ezrin mutant. However, FERM domains
are present in a variety of proteins. The impact of expression of FERM domain
may be more complicated than inhibition of ERM proteins. As shown in the last
two chapters that transfection of FERM domain had little inhibitory effect on cell
migration or cell mechanical properties. This chapter, however, demonstrates
that FERM domain has marked effect on cell morphology as well as three types
of cytoskeleton. Similar with reports which inhibited Ezrin expression by siRNA
[402], cells transfected with FERM domain, which have smaller cell area, ex-
hibit elongated shape with more filopodium formation. Others have reported that
an increase in the amount of stress fiber was observed in N-terminal domain of
Ezrin transfected cells [48]. As supplementary, instead of increased actin fiber,
cells transfected with FERM domain displayed an increase in fiber length, fiber
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thickness and fiber alignment. These observations maybe result from deletion of
α helical domain and C-terminal domain which are involved in the regulation of
actin filament structure as well as actin filament binding [403]. Or FERM domain
could inhibit the formation of branched actin filaments by completing with FAK, as
it has been reported that the FERM domain of FAK binds directly to Arp3 subunit,
enhancing Arp2/3-dependent actin polymerization [404]. This could be assessed
by inhibiting Arp2/3 complex activity and checking the effects of inhibition. Also
the interaction between Arp2/3 complex and FERM domain can be investigated
by pull-down assays. Therefore, cells would form more unbranched actin fila-
ments, which explains the increased amount of stress fiber and longer and more
aligned stress fiber (Figure6.16). What’s more, the transfection of FERM domain
displays paralleled effects on the microstructure of tubulin and vimentin fibers.
Therefore, it is likely that the strengthening of the overall cytoskeleton structure
observed here leads to slower cell migration.
Figure 6.16: Effect of FERM domain on cell’s function. The transfected FERM
domain would compete with endogenous Ezrin for PIP2 binding, leaving Ezrin
inactive. Or FERM domain would bind to Arp2/3 complex, disrupting the formation
of branched actin filaments, resulting in formation of unbranched, longer actin
filaments.
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The results also suggest that the actin filaments, microtubules and vimentin are
not independent. In fact, they can affect each other through crosstalk. Because
transfection of active Ezrin T567D had limited effect on actin filament. As a result,
the effects of Ezrin T567D on microtubules and vimentin were also moderate. On
the contrary, FERM domain changed the actin filaments dramatically. At the same
time, the effects of FERM domain on microtubules and vimentin were significant,
too. Therefore it is possible that an increase in the assembly of one particular
cytoskeletal network will result in an increase in other networks too.
6.3.5 Effect of Ezrin mutants on nuclear properties
Nucleus, which contains genetic material and transcriptional machineryis the
largest organelle of the cell. The cytoskeleton and the nucleus are physically
connected, allowing cells to gather surrounding physical information by their cy-
toskeleton and transfer it to the nucleus for physiological responses [405]. There-
fore, alterations in Ezrin, the actin-membrane linking protein, could affect nuclear
morphology and mechanical properties.
Nucleus in cells expressing Ezrin T567D has larger volume, smaller Poisson’s
ratio and condensed chromatin. One requirement of fast migration is to efficiently
push the nucleus forward, or deform it through the pores in the particular situa-
tion of 3D migration. Accordingly, the results for T567D suggest the reinforced
cytoskeleton indicated by increased cytoskeletal Young’s modulus could pull the
nucleus for the increased volume. What’s more, the increased auxetic properties
of the nucleus in Ezrin T567D transfection permits larger deformation of the nu-
cleus during cell migration and against extracellular forces. This could protect the
nucleus better as large nuclear deformations by extracellular forces increase the
risk of disrupting the integrity of the nuclear envelop and causing DNA damage
[406].
On the other hand, the decreased volume of nucleus in cells transfected with
Ezrin T567A results in more condensed chromatin. Also the decreased auxetic
properties indicates that the nucleus is less deformable. It is possible that it re-
sults from the perinuclear distribution pattern of transfected Ezrin T567A.
Lastly, it was also pointed out in our previous work [345] that vimentin has large
contribution to cell volume, Poisson’s ratio and stiffness, which is in agreement
with the results in this study. Transfection of FERM domain have huge effect
on vimentin cytoskeleton, accompanied by large change in nuclear state. It has
been reported that transfection of N-terminal of Ezrin caused DNA condensation
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[369]. Different with their report, FERM domain show no effect on chromatin
condensation.
Our group has reported that nuclear volume, Poisson’s ratio and elastic modulus
increase with increasing cell spread area [345]. However, not all results obtained
here follow this trend as cells expressing FERM domain have decreased cell area
but display decreased nuclear volume and increased Poisson’s ratio. It is possible
that the transfection of Ezrin and its mutant has complex impact on biological and
biophysical properties.
6.4 Summary
In summary, this chapter demonstrated that Ezrin and its mutants have pro-
nounced effects on actin, tubulin and vimentin structure. What’s more, nuclear
properties are influenced by Ezrin transfection. These results may provide expla-
nations on migratory and mechanical changes caused by Ezrin and its mutant.
Main changes due to different Ezrin mutations measured by image quantification
approaches are summarized in Table 6.1.
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Table 6.1: Summary of main changes due to different Ezrin mutations measured
in this study. (+) indicates significant increase, (-) indicates significant decrease
and (=) indicates no significant changes.
Biophysical parameter T567D T567A FERM
Morphology
Cell area - = -
Aspect ratio + + +
Membrane Projections + + +
Actin Filament
fibre assembly = + =
Fiber length = + +
Fiber thickness + = +
Fiber spread + = +
Alignment = = +
Curvature = = +
Fiber peak - = -
Chirality = + +
Tubulin
Microtubules assembly = = +
Fiber length = = +
Fiber thickness = = +
Fiber spread + + +
Alignment = = +
Curvature = = +
Fiber peak = = +
Chirality = = +
Vimentin
Vimentin assembly = = +
Fiber length + + +
Fiber thickness = = +
Fiber spread = = =
Alignment = + +
Curvature = = +
Fiber peak = = +
Chirality = = =
Nucleus
Nuclear volume + - -
Nuclear auxetic properties + - -
Stiffness + = +
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Sandwich model for bleb based
migration
7.1 Introduction
In previous chapter, the role of Ezrin and its mutant was investigated in cell
migration and it established that the expression of Ezrin T567D could increase
cell migratory capacity significantly compared with other mutants. These results
are in line with the reports that cancer cells expressing high level of phosphory-
lated T567 Ezrin have more potential to metastasize. However, the experiments
were conducted in a two-dimensional (2D) environment growing cells as a mono-
layer on plastic or glass, which has several disadvantages. One is that 2D cell
culture doesn’t mimic the natural structures of tissues where cell-cell and cell-
extracellular environment interactions are different [407]. Another drawback is
that cells grown as monolayer are more sensitive to drug test, which has mis-
leading effect in clinical investigations. What’s more, it has been reported that
cancer cells are able to switch to bleb based migration as an alternative to lamel-
lipodium based migration after protease inhibition. Bleb based migration, another
migration type relying on blebbing formation, allows cancer cells to move from
one location to another without the aid of proteases [408]. As discussed above,
Ezrin is one of the regulators in bleb based migration. The aim of this chapter is
to construct a sandwich model in which cells can migrate with blebbing.
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7.2 Results
7.2.1 Construct a sandwich model to study cell migration in a
confined environment
Bleb based migration is characterized by low adherent to the substrate and fast
migration. In this case, polyacrylamide gels without ECM proteins coating were
prepared to study adhesion-independent motility. Also, instead of using NIH 3T3
cells, U937 cells were chosen to conduct this experiment for the following rea-
sons. First of all, U937 cells grow suspended in the medium and they are non-
adherent to culture dishes as well as the gel, which makes it more suitable for
bleb based migration study. Secondly, U937 cells are easier to form blebbings
than 3T3 cells. Lastly, it is relatively easier to manipulate U937 cells during culture
and subculture, saving time for the preparation procedure. To mimic a confined
3D environment where cells have to migrate through pores in the ECM, U937
cells were sandwiched between a top and bottom polyacrylamide gels without
any coating. Four different models were proposed aiming to create an optimum
gap between two gels as shown in Figure 7.1.
Figure 7.1: Schematic drawing of the four sandwich models. A. Model one: no
gap; B. Model two: extension of the PDMS works like spacer; C. Model three:
spacers are put inside the between gel on the top and the coverslip on the bottom;
D. Model four: spacers like microbeads, fiber or ring, are put between two gels.
Four models were tested to see in which model U937 cells would migrate in bleb
based mode. The diameter of the U937 cells are around 13 µm according to the
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bright field images. So gap sizes around this value were tried and the size of 12
µm was found to work the best. The four models are individually described as
follows:
Sandwich model one: This model was used as a control, which is also the sim-
plest one, as cells were simply placed between two gels with a PDMS block on the
top. No spacer was placed between the two gels, leaving the cells compressed
with no other structural support. It was found that the cells cultured between the
two gels were no longer healthy and died after few hours (Figure 7.2). It is most
likely because without a gap between two gels, there was not enough supply of
oxygen and nutrition to maintain the cells’ normal living.
Figure 7.2: Sandwich model one without spacer. Bright field images of the same
location but at different time. A. The image of the cell was taken at time 0; B.
The image of the cells was taken 2h after. C. The image of the cell was taken
6 h later. The cell died without gap between two gels as no supply for air and
nutrition. Scale bar: 10 µm
Sandwich model two: In this model, a bigger gap between the two gels was
created by using a specially designed PDMS block with a rectangular groove
obtained from a 3D printed mould (Figure 7.3). The top gel was fixed to the bottom
side of the PDMS with superglue. The gap size was calculated by subtracting
the two gel thickness from the depth of the groove. Nevertheless, bleb based
migration was not able to be observed maybe due to the unstable system as the
precision of the 3D printing was not good enough to achieve µm level.
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Figure 7.3: 3D printed mould used in model two. A. The design images of the 3D
mould. B. On the left, the mould printed; on the right, the PDMS gels made from
the mould.
Sandwich model three: Similar to the second model, the bottom gel was made
with smaller diameter and placed a spacer around the bottom gel in contact with
the coverslip. Then the top gel was placed on top of the spacer. The gap size was
calculated by subtracting the thickness of bottom gel from the the height of the
spacer. Although cell blebbing was observed, the movement was not significant
(Figure 7.4). The challenge was that due to the slippery nature of the gel surface,
it was difficult to keep the bottom coverslip and the spacer stay still.
Figure 7.4: Cells in sandwich model three. Bright field images of the same loca-
tion but with different time: A. at time 0; B. at time 30 min. There was no significant
cell movement during the 30 min. Scale bar: 10 µm
Sandwich model four: For further improvement, the spacer was placed between
two gels and the height of the spacer was the gap size. Three different types
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of spacers were tested separately, namely micro-beads, fibers and ring-shaped
spacers. As a result, the ring-shaped spacer was found to work the best among
the three. Bleb based migration was successfully observed within this model and
preliminary results were acquired, which will be presented in the next section.
Tests with the other two spacers, however, did not work well. The diameter of
the micro-beads was found to be too small to create a gap for the cells and they
were also unable to stay still (Figure 7.5). While the fibers were found to be too
thick making it difficult to find the same focal plane for all cells, as demonstrated
in Figure 7.6 showing cells at two different focal planes. In addition, both micro-
beads and fiber couldn’t create an even gap as only the area near the beads or
fibers had wide gap but the area away from the them did not.
Figure 7.5: Sandwich model four with microbeads as spacer. Bright field images
of the same location: A. 0 h; and B. 1h later. The system was not stable as the
location of both beads and cells changed with time. Scale bar: 10 µm
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Figure 7.6: Sandwich model four with fibers as spacer. Bright field images of
the same location but with different focuses. A. The focus was on the fiber. The
arrow indicates the location of the fiber in the right up corner. At the same time,
the cell in the black rectangle was in focus. B. The focus was on the cells in the
red rectangle this time. The fiber and the cell were blurred. Scale bar: 10 µm
7.2.2 Characterization of bleb based migration using sand-
wich model four
a. Cell morphology
By using the ring-shaped spacer in model four, cell migration with blebbings was
successfully observed. As cell shape changed rapidly during migration, bright
field images of the cells were taken every 5 s for 30 min. According to the videos,
the morphology of the migrating cell could be divided into two groups (Figure
7.7): in group one, cells with elongated shape, display polarized blebbings at the
leading edge (Figure 7.7 A); while cells in group two form blebs at all directions,
displaying a round shape (Figure 7.7 B). Furthermore, the results of aspect ratio
in Figure 7.7 C also shows that polarized cells with an aspect ratio of around 1.6
are much longer than unpolarized cells with a ratio of around 1.2.
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Figure 7.7: Two types of blebbing in sandwich model four. A. In group one, cells
had elongated shape with blebbing at one direction; B. In group two, cells were
round with blebbing at all directions; Scale bar: 10 µm, C. Box plot of the aspect
ratio from group one and group two; group one (n=15), group two (n=17) , ***p
<0.001 according to t test.
b. Migration speed
Next the migration speed of the two types of confined cells was investigated. Sur-
prisingly, no significant difference is found in migration speed between these two
group cells, all migrating at around 2 µm/min ( Figure 7.8 C). Even though they
have the same migration speed, from Figure 7.8 A and B, it is obvious that cells
with polarized blebbings (A) have travelled longer distance. While cells with un-
polarized blebbings (B) kept moving with the same speed but changed migrating
directions whenever new bleb formed. These cells came back to the same loca-
tion ultimately. These results demonstrate that polarization is an essential step
not only in lamellipodia based migration but also in bleb based migration.
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Figure 7.8: Migration Behavior of two group cells for migration speed. Time-lapse
sequences of bleb based migration for a typical group one cell (A) and group two
cell (B). Scale bar: 10 µm. Box plot of the migration speed of two group cells. n.s
no significant difference.
c. Migration persistence
If comparing between these two groups, the Euclidean distance (straight distance
between start and end point of cell trajectory) of the two group were significantly
different, which means the randomness of these two migration types is different.
Figure 7.9 A and B show the representative trajectories of single cells for 31 cells
with polarized blebbings and 68 cells with unpolarized blebbings. The trajectories
indicate that migration persistence of these two groups were markedly different.
Two methods were used to describe the persistence: one is Euclidean distance
divided by total migration length, another one is maximum distance from origin
divided by total migration length. Both methods give the similar results, which
indicates that cells with polarized blebbings migrate with larger persistence than
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cells with unpolarized blebbings (Figure 7.9 C and D).
Figure 7.9: Migration Behavior of two group cells for straightness. Representative
trajectories of 31 cells with polarized blebbings (A) and 68 cells with unpolarized
blebbings (B) recorded for 30 min. The starting position of each cell were regis-
tered to the center of the plot. Box plot shows the migration straightness of two
group cells by two methods, method one (C) and method two (D), ***p <0.001
according to t test.
d. Polarized blebbings
Polarized blebbings were observed under a higher magnification, in order to ob-
tain detailed morphology information. Figure 7.10 shows time-lapse sequences
of the polarized bleb based migration. The images show that cells occasionally
form a large bleb at the leading edge. The rest of the cytosol flows into the bleb,
driving the cell to move forward (at 2 min). While for the rest of the time, cells form
several small blebs at the leading edge, one on top of another (at 4min). Cells
move forward with the retraction of the rear.
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Figure 7.10: Time-lapse sequences of the polarized bleb based migration. Bright
field images were taken with 40x objective to get more detailed information of
cellular movement. The arrow indicates the same components inside the cell at
different time points. Scale bar: 10 µm.
Blebbing has also been considered as a hallmark for apoptosis by forming one of
the most spectacular features of the execution phase of apoptosis [409]. Figure
7.11 shows an example of cell blebbing during apoptosis. The Cell forms large
blebs at all directions, even at the top of the cell body and does not migrate during
the course of imaging. More importantly, the formed blebs could last for more than
30 min with no sign to retract. These results suggest that the blebbing observed
in the confined gels is a new type of blebbing, which is considered as healthy.
Figure 7.11: Time-lapse sequences of a typical apoptosis cells confined in two
gels. Scale bar: 10 µm
7.3 Discussion
7.3.1 Sandwich model set-up and control
In this chapter, a sandwich model in which U937 cells are confined between
opposing surfaces of two pieces of polyacrylamide gels, is set up and used to
characterize the mechanics of bleb based migration. A ring-sized spacer with
specified thickness is placed between two gels to make a gap for cells to migrate.
Compared with other models tried in this study, a uniform and stable gap created
by the spacer is essential for this set-up. Another requirement for bleb based
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migration is the absence of focal adhesions. Without any coating on the polyacry-
lamide gels, cells are not able to form persistent protrusions and stress fibers, as
it has been reported that integrin expression inhibits bleb based migration [410].
One of the advantages of this set-up is that polyacrylamide gels are a highly
swollen network of cross-linked acrylamide units and the stiffness of gels can be
tuned by changing the amount of bis-acrylamide cross-linker and total acrylamide
monomers in the gel precursor solution [411]. Therefore polyacrylamide gels
are widely used as cell culture substrates to study how cells sense and respond
to the physical characteristics of their microenvironment [412]. The stiffness of
polyacrylamide gels can be adjusted according to the studies required. Another
advantage is that, cells are confined between two pieces of polyacrylamide gels
to mimic the real biological situations, unlike other set-up reported by others that
cells are placed between glass and agarose [413], or petri dish and PDMS [414].
Also the polyacrylamide gels can also be used to study the traction force in bleb
based migration.
7.3.2 Polarized blebbing and cell migration
A wide range of studies have reported that cancer cells could switch to bleb based
migration from lamellipodium based migration when the environment changes,
such as protease inhibition [415]. As a result, an increasing number of stud-
ies have turned their attention to bleb based migration as an important motility
mechanism and a common alternative to lamellipodium based migration in 3D
environment. However the molecular mechanisms of bleb based migration is still
not as clear as lamellipodium based migration.
In this chapter, U937 cells were confined in the sandwich model and bleb based
migration of U937 cells was investigated. Firstly, two types of blebbings were
observed in the sandwich model: one was polarized blebbings towards one part
of the cell; another was multiple small blebbings at all directions. As discussed
in previous chapter, polarization is required for effective migration to form distinct
leading and rear edge [416]. As a result, cells with polarized blebbings have
larger displacement and migrating persistence, even though two types of cells
had similar migration speed. In contrast, cells forming multiple small blebs at
all directions, did not have a defined front, as each bleb generates its own force
pulling the cell in the direction of bleb growth, resulting in little displacement during
the whole movement. The fact that cells need to create polarized blebbings at the
leading edge is an important step for blebbing transferring to cellular movement,
as polarization determines the direction of movement.
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Cellular morphology has been reported during bleb based migration as a round
cell body with a small leading edge or an elongated ellipsoid cell body with a large
uropod [414]. A little different from other reports, polarized blebbings are found
to assist cell migration in two modes, either forming large blebbing at the leading
edge or forming multiple small blebbings at the leading edge. The difference
may be due to different cell types used in the experiment. In the absence of
adhesions, the migration in the confinement is termed ’chimneying’, in reference
to a technique used by mountain climbers [417]. During bleb based migration,
cell exerts forces perpendicularly to the surfaces such that it can squeeze itself
forward by blebbing [144].
7.3.3 Potential role of Ezrin in bleb based migration
As one main difference between motile and non-motile blebbing cells is that motile
blebbing cells form blebs primarily at their leading edge. If blebs nucleate through
the local detachment of the membrane from the actin cortex, polarization could
result from a localized weakening of membrane-cortex attachments or a local in-
crease in the pressure that is exerted on the membrane. This could be achieved
by polarizing the distribution of the actin–membrane linker protein, ERM proteins,
to the rear of the cell [144]. Therefore membrane-cortex attachment plays a cen-
tral role in controlling the ability of cells to form blebs [158]. Also it has been
reported that melanoma cells, which can migrate in a rounded amoeboid-type
mode, have an ezrin-rich uropod like structure (ERULS) which could reduce mem-
brane blebbing and thus determine the direction of a moving cell through localized
inhibition of membrane blebbing [418].
Ezrin has been reported to be involved in the cycle of bleb formation, where Ezrin
is recruited to the membrane first, followed by actin, actin-bundling proteins dur-
ing cortex assembly under newly formed bleb [148]. As already shown before,
phosphorylated Ezrin T567D localized at the cell rear during cell migration in 2D.
In addition, there is a linear relationship, which is the more Ezrin T567D con-
centrated at the rear, the faster the cells migrated. It is interesting to investigate
how Ezrin and its mutant affect bleb based migration and compare the different
function of Ezrin in bleb based migration and mesenchymal migration.
7.3.4 Application of sandwich model
As basic properties of bleb based migration has been characterized in this study, it
is worthy to investigate more about bleb based migration by the sandwich model.
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Firstly, several studies have shown that a retrograde flow of actin is responsible
for cell movement independently of adhesion in bleb based migration [414, 419].
Actin filaments assemble into a fibrous cortex that was absent from the cell front
and become progressively denser to the cell rear. Actin polymerization at the front
and depolymerization at the back makes a strong retrograde flow in the central
part of the cell [414]. Though the role of actin filaments in bleb based migration
is well studied, how other cytoskeleton, microtubules and intermediate filaments,
function in this mode of migration is unknown. So with the sandwich model, the
whole picture of cytoskeleton in bleb based migration can be studied.
Secondly, as discussed above that Ezrin is involved in bleb based migration, cells
expressing Ezrin and its mutant, including Ezrin, Ezrin T567D, Ezrin T567A, and
FERM, can be confined in the sandwich model to investigate the role of Ezrin
in this kind of migration. The relationship between Ezrin localization and cell
polarization during bleb based migration is also interesting to explore. However, in
order to image transfected cells, modifications of the model are needed to obtain
higher quality images. The transparency of petri dish bottom, the coverslip, as
well as the superglue will all affect the quality of fluorescent images.
Furthermore, since Some cancer cells use membrane blebbing as a mode of
motility during metastasis [420], the sandwich model also can be used to study
cancer cell migration in the absence of adherence, especially the role of Ezrin in
this kind of motility during cancer metastasis. It is necessary to change another
cell type, such as walker carcinosarcoma cells [421], instead of using U937 cells.
At the same time, the surface of the gel needs to be coated with a hydrophobic
chemical to study the adhesion independent migration, if the new cell type is
adherent dependent.
Lastly, the orientation and the magnitude of the traction forces exerted by cells
during bleb based migration is quite different from lamellipodium based migration
[157]. So fluorescent micro-beads could be added to polyacrylamide gels during
the mixing step. In this way, the traction force of the moving cells in bleb based
mode is able to be investigated by comparing the magnitude and direction of the
traction force with classic migration mode, lamellipodium based migration. Again,
the role of Ezrin and its mutant on traction force during bleb based migration can
be explored, at the same time.
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7.4 Summary
Altogether, a sandwich model was constructed by confining cells between two
gels (Figure 7.12 ) in this chapter. A brief characterization of bleb based migration
was assessed by this model. More improvements are needed to use this model
to study the role of Ezrin and mutants in bleb based migration.
Figure 7.12: Sandwich model and bleb based migration in this study. A. Sandwich
model where cells can migrate in blebbing way. B. An example of bleb based
migration. Scale bar: 10 µm
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Chapter 8
Conclusions and Future work
8.1 General conclusions
In this study, a comprehensive review of literature on the structure and function of
Ezrin and its relationship with cancer has been presented. In order to find out the
role of Ezrin phosphorylation at T567, a combination of methods including long-
term live-cell imaging, AFM and image quantification approaches were applied
to cells transfected with Ezrin, and its mutants: phosphomimetic mutant Ezrin
T567D, phosphodeficient mutant Ezrin T567A and dominant negative FERM do-
main. Concluding remarks are summarized as follows:
1. Expression of phosphorylated Ezrin at t567 resulted in increased cell migra-
tion in a more directional manner. In addition, cell rear accumulation of Ezrin
T567D induces quicker migration. Results from AFM and image quantification
approaches results suggest that the expression of Ezrin T567D is associated with
a reorganization of the cellular cytoskeleton, which leads to a decrease in cortical
stiffness and an increase in cytoskeleton stiffness. Collectively, these biophysical
changes support a more migratory phenotype.
2. Though expression of Ezrin T567A does not impair cell migration, it leads to a
significant buildup of actin fibers, a decrease in nuclear volume, and an increase
in cytoskeletal stiffness. Also nuclear periphery distribution suggests that Ezrin
may have other functions in inactive state.
3. Transfection of FERM domain induces significant morphological and nuclear
changes. The effects on actin fibers extend to microtubules and the intermediate
filament vimentin, resulting in cytoskeletal fibers that are longer, thicker, and more
aligned.
4. A sandwich model was developed and bleb based migration was successfully
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observed within this model. Two types of blebbings were observed: one forms
at the leading edge, leading to effective migration and larger straightness; and
the other forms at all directions of the cell, resulting in smaller displacement and
directionality.
Collectively, the results suggest that ezrin’s phosphorylation state and its intracel-
lular localization plays a pivotal role in cell migration, modulating also biophysical
properties, such as membrane–cortex linkage, cytoskeletal and nuclear organiza-
tion, and the mechanical properties of cells. These findings highlight the impor-
tance of phosphorylated Ezrin as a biomarker for cancer metastasis diagnosis.
Even though further studies are still needed to understand the molecular mech-
anism in detail, results in this study suggest that Ezrin phosphorylation might be
a promising molecular target for cancer therapy, especially to suppress cancer
invasion and metastasis.
8.2 Future work
Based on the results and conclusions of this thesis, future works on further inves-
tigation of Ezrin phosphorylation and sandwich model are listed as followings,
1. Utilization of epithelial or metastatic cancer cells
This study was carried out in fibroblasts, which is due to their mesenchymal na-
ture. When cultured in sparse conditions, they become well spread and display a
strong migratory phenotype. This makes them a suitable model to study the rela-
tionship between cell migration direction and cytoskeletal organization or intracel-
lular distribution of proteins. Additional studies on epithelial cells should provide
a further understanding on the role of ezrin’s phosphorylation in cell monolayer
models, where cell-cell adhesions play a key role or where ETM transitions may
be studied. Moreover, studies on metastatic cancer cells, such as hepatocellular
carcinoma cells which has been reported to have higher metastasis ability and
higher phosphorylation Ezrin expression, could provide more information. Ex-
pression level of phosphorylated Ezrin and Ezrin can be determined by qPCR
and western blot. The differences in cell migration, cell mechanical as well as
cytoskeleton organization between cells can be investigated by our experimental
techniques.
2. Additional experiments to study the underlying mechanism
In this study, cytoskeleton characterization was carried out in fixed cells. It would
be better to know how cytoskeleton changes within time, as the cytoskeleton
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changes are dynamic process. Double transfection of cells with reporters for
cytoskeleton and Ezrin mutants could be carried out in order to monitor the effect
of Ezrin and its mutant on cytoskeleton dynamics during cell migration. To do this,
cells with lower transfection ratio should be selected to ensure the viability of the
cells.
Due to time restrictions, the molecular mechanism underlying the effects of Ezrin
and its mutant could not be assessed. One possibility is that Ezrin affects the cy-
toskeleton directly. This could be assessed by inhibiting Ezrin activity by siRNA or
chemicals like NSC305787 and NSC668394. Effects of inhibitors could be com-
pared after rescued by reexpressing Ezrin or washing out the chemicals. Another
possibility is that Ezrin regulates the cytoskeleton through other proteins, such as
Rho family GTPases. As described in the previous, Rho family GTPases works
closely with ERM family. Also Rho proteins are involved in regulating cytoskeletal
dynamics. This could be assessed by pull-down assay to find out the proteins that
interacts with Ezrin and select those that have potential influence on cytoskeleton.
3. In vivo experiment for further investigation
As all the experiments were carried out in vitro, whether or not active Ezrin T567D
could promote cells metastasis ability in vivo remains to be answered. So if it is
possible, a metastasis assay is needed by using immunodeficient mice. Briefly,
cells transfected with Ezrin and its mutants will be injected into the circulation of
immunodeficient mice through their tail veins. A small number of cells could sur-
vive and grow as metastases in internal organs, such as lung. Then the injected
mice need to be dissected and tissue distribution of metastases is determined
after a certain period. The number of metastases in a specific tissue directly cor-
relates with the metastatic ability of the injected transfected cells. By doing this,
the role of Ezrin phosphorylation in cell metastasis can be determined.
4. Sandwich model used for Ezrin and bleb based migration
With this model, bleb based migration can be further studied thoroughly, such
as the distribution and function of three types of cytoskeleton structures and the
traction force during bleb based migration if the gels are embedded with fluores-
cent beads. In addition, the migration state of cells transfected with Ezrin and
its mutants can be investigated, such as whether Ezrin phosphorylation at T567
could promote fast bleb based migration or the distribution of Ezrin during the
bleb based migration. What’s more, it is worth comparing the ability of transfer-
ring to bleb based migration between cancer cells and normal cells from different
patients given the condition that lamellipodium based migration is inhibited.
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Publications and conferences
A.1 List of publications
1. X Zhang, L Flores, M Keeling, K Sliogeryte, N Gavara, Ezrin Phosphoryla-
tion at T567 Modulates Cell Migration, Mechanical Properties, and Cytoskeletal
Organization, International Journal of Molecular Sciences, 2020, 21.2, 435.
2. J Molina, X Zhang, M Borghesan, J Silva, M Awan, B Fuller, N Gavara, C
Selden, Extracellular fluid viscosity enhances liver cancer cell mechanosensing
and migration, Biomaterials, 2018, 177, 113-124.
3. J Xu, A Nyga, W Li, X Zhang, N Gavara, M Knight, J C Shelton, ”Cobalt ions
stimulate a fibrotic response through matrix remodelling, fibroblast contraction
and the release of pro-fibrotic signals from macrophages” E Cells and Materials,
2018, Eur Cell Mater vol. 36, 142-155.
4. L Flores, M Keeling, X Zhang, K Sliogeryte, N Gavara,”Lifeact-GFP alters
F-actin organization, cellular morphology and biophysical behaviour”, Scientific
Reports, 2019 9(1):3241.
5. M Bai, H Kazi, X Zhang, J Liu, T Hussain, Robust Hydrophobic Surfaces
from Suspension HVOF Thermal Sprayed Rare-Earth Oxide Ceramics Coatings,
Scientific Reports, 2018, 8:6973.
6. M Bai, H Kazi, X Zhang, J Liu, B Song, T Hussain, “Hydrophobicity of Suspen-
sion HVOF Sprayed Rare Earth Oxide Coatings”, Thermal Spray Bulletin, 2018,
45084. (Best paper award at ITSC 2018 with $500 cash award)
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A.2 List of conferences
1. 8th World Congress of Biomechanics 2018
(Dublin, Ireland, 2018.7.08-12)
Session: Cell biomechanics and oncology 2
Oral Presentation: ”The effect of Ezrin mutations on actin cytoskeleton and cell
mechanical properties”
2. Forces in cancer: interdisciplinary approaches in tumour mechanobiol-
ogy
(London, UK, 2018.6.18-19)
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Appendix B
Example of cell phenotype and
associated morphometric
descriptor values
B.1 Examples of cell phenotypes and associated
morphometric descriptor values
Example cells highlighting the morphological appearance of each computed pa-
rameter were human mesenchymal stem cells transfected with LifeAct-GFP [346].
Mesenchymal stem cells have larger spread area as well as more clear cytoskele-
ton structure than NIH 3T3 cells for presenting better examples of computed pa-
rameters. For each parameter, two cells corresponding to low and high value
ranges are pictured, with specific values included. Scale bars are 30 µmm for all
cells plotted.
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1.Cell area (µm2): 0-∞
(a) Cell area=686 µm2
(b) Cell area=12292 µm2
185
2. Aspect ratio: 1-∞
(a) Aspect ratio=1.13
(b) Aspect ratio=5.89
3. Stellate factor:0-∞ (typically 0.1-0.8)
(a) Stellate factor=0.11
(b) Stellate factor=0.62
186
4. Total fiber intensity (AU): 1-∞
(a) Total fiber intensity=3.1X105
(b) Total fiber intensity=1.3X107
5. Fiber thickness (AU): 1-∞
(a) Fiber thickness=65
(b) Fiber thickness=425
187
6. Variability in fiber thickness (%): 0-∞ (typically 50-200%)
(a) Variability in fiber thickness=81%
(b) Variability in fiber thickness= 149%
188
7. Alignment: 0-1 (typically 0.6-1)
(a) Alignment=0.74
(b) Alignment=0.96
8. Curvature: 0-1 (typically 0-0.6)
(a) Curvature=0.074
(b) Curvature=0.418
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9. Location of fiber peak: 0-1
(a) Location of fiber peak=0.036
(b) Location of fiber peak=0.27147
10. Fiber spread: 0-1 (typically 0.1-0.3)
(a) Fiber spread=0.10267 (b) Fiber spread=0.27147
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11. Length (AU): 0-∞
(a) Length=19.47
(b) Length=103.68
12. Variability in fiber length (%): 0-∞
(a) Variability in fiber length=71.3%
(b) Variability in fiber length=247.7%
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13. Chirality (deg): 0-90
(a) Chirality=35.2 deg
(b) Chiralit=89.6 deg
14. Variability in chirality (deg2): 0-8100
(a) Variability in chirality=239.8 deg2
(b) Variability in chirality=772.5 deg2
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Appendix C
Matlab codes
C.1 Matlab code for migration trajectory
clear all
clc
T=readtable(’migration-trajectory.xlsx’);
%File name for the excel input
p=1;
cc=jet(11);
%Number of cells and colours for trajectory
figure;
hold on
%Create a plain image for trajectory
plot([-600 600],[0 0],’k-’)
plot([0 0],[-600 600],’k-’)
axis([-600 600 -600 600])
box on
for j=1:11
n=sum(T.CellID==j);
x=zeros(1,n-1);
y=zeros(1,n-1);
for i=(1:(n-1))
x(i)=T.x coordinate pixel (p+i)-T.x coordinate pixel (p);
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y(i)=T.y coordinate pixel (p+i)-T.y coordinate pixel (p);
end;
f1=[’x’,num2str(j),’.png’]
plot(x,y,’color’,cc(j,:),’LineWidth’,2)
plot(x(n-1),y(n-1),’k.’,’MarkerSize’,20)
p=p+n;
end;
C.2 Migration straightness one
Straightness one= Euclidean distanceTotal migration length
clear all
clc
T=readtable(’migration-trajectory.xlsx’);
%File name for the excel input
p=0;
x=zeros(1,300)
e=zeros(1,300)
for j=1:9
n=sum(T.CellID==j);
d=0;
for i=(1:(n-1))
s=(T.x coordinate pixel (p+i+1)-T.x coordinate pixel (p+i))∧2+...
(T.y coordinate pixel (p+i+1)-T.y coordinate pixel (p+i))∧2;
d=d+sqrt(s);
%Calculate the total migration length
end;
x(j)=sqrt((T.x coordinate pixel (p+n)-T.x coordinate pixel (p+1))∧2+...
(T.y coordinate pixel (p+n)-T.y coordinate pixel (p+1))∧2)/d;
%Calculate the straightness
p=p+n;
e(j)=d;
end;
x=x’;
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e=e’;
writetable(table(x), ’fastmigration straightness.xls’);
%Output straightness one
writetable(table(e), ’fastmigration straightness.xls’);
%Output the total migration length
C.3 Migration straightness two
Straightness two=
Maximum distance from origin
Total migration length
clear all
clc
T=readtable(’migration-trajectory.xlsx’);
p=0;
x=zeros(1,300);
c=0;
for j=1:11
n=sum(T.CellID==j);
a=(T.x coordinate pixel (p+2)-T.x coordinate pixel (p+1))∧2+...
(T.y coordinate pixel (p+2)-T.y coordinate pixel (p+1))∧2;
for i=(1:(n-2))
b=(T.x coordinate pixel (p+i+2)-T.x coordinate pixel (p+1))∧2+...
(T.y coordinate pixel (p+i+2)-T.y coordinate pixel (p+1))∧2;
a=max(a,b);
%Find the maximum distance from origin
end;
x(j)=sqrt(a);
p=p+n;
end;
x=x’;
writetable(table(x),’fastmigration directness.xls’);
%Output the maximum distance from origin
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[110] Wen-Hui Weng, Jan Åhlén, Kristina Åström, Weng-Onn Lui, and Catharina Lars-
son. Prognostic impact of immunohistochemical expression of ezrin in highly ma-
lignant soft tissue sarcomas. Clinical Cancer Research, 11(17):6198–6204, 2005.
[111] Hsuan-Ying Huang, Chien-Feng Li, Fu-Min Fang, Jen-Wei Tsai, Shau-Hsuan Li,
Yuan-Ting Lee, and Huei-Min Wei. Prognostic implication of ezrin overexpression
in myxofibrosarcomas. Annals of surgical oncology, 17(12):3212–3219, 2010.
[112] Liang Wang, Gui-Nan Lin, Xiang-Li Jiang, and Yue Lu. Expression of ezrin
correlates with poor prognosis of nasopharyngeal carcinoma. Tumor Biology,
32(4):707–712, 2011.
[113] Tiefeng Jin, Jingchun Jin, Xiangyu Li, Songnan Zhang, Yun Ho Choi, Yingshi Piao,
Xionghu Shen, and Zhenhua Lin. Prognostic implications of ezrin and phospho-
205
rylated ezrin expression in non-small cell lung cancer. BMC cancer, 14(1):191,
2014.
[114] Ho Won Lee, Eui Han Kim, and Mee-Hye Oh. Clinicopathologic implication of ezrin
expression in non-small cell lung cancer. Korean journal of pathology, 46(5):470,
2012.
[115] Xiao-Qin Zhang, Guo-Ping Chen, Tao Wu, Jian-Ping Yan, and Jian-Ying Zhou.
Expression and clinical significance of ezrin in non–small-cell lung cancer. Clinical
lung cancer, 13(3):196–204, 2012.
[116] Chand Khanna, Xiaolin Wan, Seuli Bose, Ryan Cassaday, Osarenoma Olomu,
Arnulfo Mendoza, Choh Yeung, Richard Gorlick, Stephen M Hewitt, and Lee J
Helman. The membrane-cytoskeleton linker ezrin is necessary for osteosarcoma
metastasis. Nature medicine, 10(2):182–186, 2004.
[117] Jian Zhang, Jianhong Zuo, Mingsheng Lei, Song Wu, Xiaofang Zang, and Chaoyue
Zhang. Ezrin promotes invasion and migration of the mg63 osteosarcoma cell.
Chinese medical journal, 127(10):1954–1959, 2014.
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[338] Núria Gavara and Richard S. Chadwick. Relationship between cell stiffness
and stress fiber amount, assessed by simultaneous atomic force microscopy and
live-cell fluorescence imaging. Biomechanics and Modeling in Mechanobiology,
15(3):511–523, 2016.
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[384] Gilles Weder, Mariëlle C Hendriks-Balk, Rita Smajda, Donata Rimoldi, Martha Liley,
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